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FATE AND TRANSPORT INSTRUCTORS

Physical Processes Carl D. Palmer
Chemical Processes Richard L. Johnson
Biological Processes Joseph M. Suflita

Simulation and Prediction | Joseph F. Keely
OBJECTIVE:

To transfer results from scientific research
concerning natural processes that éovern the
transport and fate of ground-water contaminants
from the research community to the regulatory

community.



PHYSICAL PROCESSES

Advection-Dispersion Theory
'Transport in Fractured Media
Non-Aquéous Phase Liquids

Particle Transport & Filtration

Estimation of Transport Parameters

CHEMICAL PROCESSES

Inorganic Contaminants
Behavior of Organics
Laboratory Methods
Field Experiments

Case Histories



- BIOTRANSFORMATION PROCESSES

M Microbial Ecology

B Metabolism of Contaminants
M Bioremediation Strategies

B Field and Laboratory Methods

M Case Histories

SIMULATION AND PREDICTION

M Types of Models

M Data Requirements

| Quality Control

B Agency Uses and Needs

B Management Considerations



TRANSPORT AND FATE

PHYSICAL PROCESSES

Session 1

Carl D. Palmer

(Oregon Graduate Center)
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HYDRAULIC CONDUCTIVITY

WHY SHOULD WE BE INTERESTED IN DISPERSION?

B Prediction of arrival of an action limit for a
contaminant

B Estimation of the costs for aquifer remediation

B Development of aquifer remediation strategies
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ADVECTION-DISPERSION
EQUATION
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DISPERSION COEFFICIENT

D=D *+ D,
Dispersion Moleculuar  Mechanical
Coefficient Diffusion Diffusion

Coefficient Coefficient
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MECHANICAL DISPERSION COEFFICIENT
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MECHANICAL DISPERSION
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MOLECULAR DIFFUSION COEFFICIENT
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RELATIVE
CONCENTRATION
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CONCENTRATION
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GROUNDWATER
FLOW
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ADVECTION AND DISPERSION
OF A CONTAMINANT SLUG

CDP-1
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WITH A LARGE TRANSVERSE DISPERSIVITY
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WITH A SMALL TRANSVERSE DISPERSIVITY

GROUNDWATER
FLOW

HYPOTHETICAL CONTAMINANT PLUME

WASTE

0.\ oz Yoy Your i a0 jo2 i

HYPOTHETICAL CONTAMINANT PLUME

WASTE

LEEE

CDP=1

el

-18



DISCREPANCIES BETWEEN THEORY
AND EXPERIMENTAL RESULTS FROM
LABORATORY EXPERIMENTS ARE THE
RESULT OF:

H Immobile Zones of Water
® Solution-Solid Interface Processes
B Anion Exclusion

B Diffusion in or out of Aggregates

cbP-1 -19



LONGITUDINAL DISPERSITY VALUES

LABORATORY TESTS

NATURAL GRADIENT
TRACER TESTS

SINGLE WELL TESTS

RADIAL AND
TWO-WELL TESTS

MODEL CALIBRATION
TO CONTAMINANT
PLUMES

0.0001to 0.01 M

0.01to2m

0.03to 0.3 m

0.5to 15 m

3to61m

After Gillham and Cherry (1982).
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ASYMPTOTIC

DISPERSIVITY
TENSOR
—0.61 m ~O-
~0

BORDEN AQUIFER
SUDICKY (1986)

- TRANSPORT CONCEPTS

® Homogeneous-Media
W Heterogeneous Advection

W Advection—Diffusion



TRACER INPUT TRACER INPUT

TRACER INPUT

DISPERSION
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CONCENTRATION

BREAKTHROUGH CURVES
SHOWING EFFECT OF TRANSVERSE DIFFUSION
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FACTORS CONTRIBUTING TO THE
SPREADING OIF CONTAMINANTS

® Diverging IFlow Lines

® Three Dimensional Ilow

B Variable Source Function

® Temporal Variations in Watertable

B [leterogeneity

CDP~1 -31



DENSITY COMPONENT OF FLOW

v, = K, [(0/0,)=1]/n

T PV N

Velocity Vertical Density Back-  Porosity
Component Hydraulic Ground

Due to Conductiviity Density

Gravity
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EFFECT OF DENSITY

DENSITY OF UNCONTAMINATED WATER = 1.000
NATURAL HOIZONTAL GRADIENT = 0.005
NATURAL VERTICAL GRADIENT = 0.000

DENSITY = 1.000  DENSITY = 1.005  DENSITY = 1.005
K /K, =1 K /K, =1 K,/K, = 5
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DENSITY DEPENDENT TRANSPORT
AND MONITORING




ADVECTION-DISPERSION
EQUATION
WITH RETARDATION

D 3°C v 8C 8C

R 8%° Rd9x = 98t

Dispersive Advective Change in
Term Term Mass per

Unit Time

R = RETARDATION FACTOR
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IMPORTANCE OF THE UNSATURATED ZONE

H Increases overall length of flow path

B Can have greater sorption capacity than saturated
zone and can thus act as a source of
contamination even after site surface is cleaned

B Can be an zone of significant biodegradation

B Can be a source of metal ions

B it is a pathway for the transport of gases and
volatile organics

CDP-1 -38

UNSATURATED FLOW

congt = L[ kX ] + Likw

c(y) = g% = Specific Water Capacity

9 = Volumetric Water Content
¢ = Soil Water Pressure Head

K(y) = Hydraulic Conductivity
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CHARACTERISTIC CURVE
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HYSTERESIS

Refers to the observation that the
soil water pressure head is not a unique
function of volumetric water content but

depends on the moisture history of the

soil.
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UNSATURATED ZONE TRANSPORT_EQUATION

a(ec) _ 3 aci_ 3(qac)
€ - §E[°Da‘z']' 3z

8 = Volumetric Water Content

Solute Concentration

1]
i

D = Dispersion Coefficient

Volumetric Water Flux

fie]
[

CDP-1 -44

UNSATURATED ZONE DISPERSION COEFFICIENT

T ; D = D, + av(e)

D = Dispersion Coefficient

D, = Free Solution Diffusion Coefficient
T = Tortuosity Factor

o = Dispersiéity

v(8) = g/6 = solute velocity

® = Volumetric Water Content
CDP-1 -45



VAPOR TRANSPORT

VAPOR VAPOR
MONITORING MONITORING
WELL “A" WELL "B"

CONCENTRATION

VAPOR TRANSPORT
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FACTORS AFFECTING
VAPOR TRANSPORT

m Diffusion

® Advection

® Density

® Cultural Features

w Partitioning into Soil Water
® Thermal Effects

® Chemical Reactions

CDP-1 -48



TRANSPORT OF GASES

SOIL CONTAINING O2 COZ

ORGANIC MATTER—\ l t

- BEDROCK CONTAINING
- SULPHIDE MINERAL

SOIL CONTAINING
ORGANIC MATTER

“ BEDROCK CONTAINING oo o oo
~- SULPHIDE MINERALS ,
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TRANSPORT OF GASES

SOIL CONTAINING 02 C02

ORGANIC MATTERﬂ\ 1 t

- BEDROCK CONTAINING -
. SULPHIDE MINERALS " -

SOIL CONTAINING ‘ 1
ORGANIC MATTER ’
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TRANSPORT PROCESSES IN
FRACTURED GEOLOGIC MEDIA

B Advection
m Diffusion

m Dispersion

CDP-1 -5)

FRACTURED POROUS ROCK




DISPERSION PROCESSES IN
FRACTURED GEOLOGIC MEDIA

m Velocity Distributions
®m Mixing at Fracture Intersections

m Variation in Aperature Width along Stream
Line

® Distribution in Aperature Width across Flow
Path

m Diffusion

CDP-1 -5)



MODELS FOR TRANSPORT IN
FRACTURED ROCK

B CONTINUUM MODELS

- Single Porosity

— Double Porosity

E DISCREET FRACTURE MODELS

— Deterministic

— Stochastic

® HYBRID MODELS

m CHANNEL MODELS

CDP-1 =54

b —» ———> Ffracture Flow ———»

» fFracture Flow —_—
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CUBIC LAW

FRACTURE:

K =(2b)pg/(124)

EQUIVALENT POROUS MEDIA

K = (2b)°pgN/(12Bp)

N = number of fractures over B
K = hydraulic conductivity

B = thickness of formation

b = half-width of fracture

M= fluid viscosity

p = fluid density

EQUIVALENT POROUS MEDIA

Vepm Vf/Rf

Rf= 1+nB/b

CDP-1 -57



FRACTURE NETWORKS BEHAVE
LIKE CONTINUA WHEN:

B FRACTURE DENSITY IS
INCREASED

® APERTURES ARE CONSTANT
RATHER THAN DISTRIBUTED

® ORIENTATIONS ARE DISTRIBUTED
RATHER THAN CONSTANT

m LARGER SAMPLE SIZES ARE
TESTED

(J.LONG, 1982)

cpp-1 -58



DIFFUSION

Ficlk's Law:

9 C
Jd —nDd-é—;
aCc 9°C
5t~ DDi7e

IMPORTANCE OF
MOLECULAR DIFFUSION

M Heterogeneous Porous Media
u Fra.ctured Media

M Vapor Phase Transport

M Low Permeability Formations

B Barriers and Liners

B Residual NAPLs

CDP-1 -60



DOES DETECTION OF
CONTAMINANTS INDICATE
“FAILURE" OF LINER?

MONITORING
WELL a

| LINER

WASTE
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NON—-AQUEOUS PHASE
LIQUIDS

(NAPLs)

m Light NAPLs (LNAPLs)

® Dense NAPLs (DNAPLs)

LNAPILs

® Gasoline
® Heating Oil
E Kerosene
® Jet Fuel

® Aviation Gas




LNAPLs

PRODUCT SOURCE

PRODUCT
ENTERING
SUBSURFACE

WATERTABLE
GROUNDWATER GROUNDWATER
FLOW FLOW
CDP-1 -64
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LNAPLs

PRODUCT
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DNAPLs

® 1,1,1 - Trichloroethane
B Carbon Tetrachloride

B Pentachlorophenols

B Dichlorobenzes

B Tetrachloroethylene

B Creosote

CDP-1 -67

DNAPLs

Identified at

4 of top 5

and
10 of top 20

Hazardous Waste Sites

(Plumb and Pitchford, 1985)

cpp-1 -68



DNAPLs

MAGNITUDE OF PROBLEM

7 L (10 kg) of TCE can
contaminate 108 L of
groundwater at 100 pbb

cOP-1 -69

DNAPLs

MOBILITY CAN BE GREAT

® Low Solubility
® High Density

®m Low Viscosity

CDP-~1 =70



DNAPLs

PRIMARY FACTORS
THAT CONTROL MIGRATION

® Type of Solvent
® Volume Released
m Rate of Release

m Area of Infiltration

cpp-1 -71



RELATIVE PERMEABILITY

100%

—
o

e
o

RELATIVE PERMEABILITY

k= k(S,)/k

n S

k., = relative permeability
k(S,) = permeability at S,
= NAPL saturation

permeability at
1007% saturation

N W
w oo
o
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NAPL SATURATION

i Residual
1 NAPL
! Saturation

WATER—~a_

Irreducible
-~ Water
Saturation—»=—

L ---_-----..-------.Y.----- - =] ’_C’I)
=

0 Srw 100%

WATER SATURATION
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be

DNAPLs

DNAPLs will not

Mobile when DNAPL

content is less than

the

Natural
Groundwater
Flux Rate =
10 cm/day

Effective

Groundwater
Flux Rate =
1.7 cm/day

Residual Saturation

CDP-1 -74

Groundwater

Residual Saturation = 20%
Porosity = 0.35

Volume of TCE = 0.07 cubic meters
Mass of TCE = 103 kg

Solubility of TCE = 1100 mg/1

TIME REQUIRED

TO REMOVE TCE = 15.4 YEARS/m
BY DISSOLUTION

cop-1 -75



DNAPLSs

DENSE VAPORS

TOP OF
CAPILLARY
FRINGE o - - - 0 AR .- S S o s
WATERTABLE b 4

CROUND-

WATER FLOW =>

yd L £ I
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LOVER CHEMICAL
GROUND- ) PERMEABILITY PLUME
WATER FLOW STRATA

RN

After Feenstra and Cherry, (1987).

DNAPLSs

DNAPL SOURCE
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DENSE VAPORS
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After Fecnstra and Cherry (1987).
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DNAPLSs

DNAPL SOURCE

RESIDUAL DNAPL DENSE VAPORS

TOP OF
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After Feenstra and Cherry (1987).



TRANSPORT AND FATE

PHYSICAL PROCESSES

Session 2

Carl D. Palmer

(Oregon Graduate Center)
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PARTICLE TRANSPORT
THROUGH POROUS MEDIA

A potential mechanism for the
rapid movement of contaminants
1n the subsurface.

"'Facilitated Transport"

CDP-2 ~ 2

TYPES OF PARTICLES

®m Bacteria and Viruses

® Natural Organic Matter
B Inorganic Precipitates
m Asbestos Fibers

® Clay



FILTRATION MECHANISMS

n Surf.face Filtration
u Straining

® Physical-Chemical

CchP-2 - 4

FILTRATION MECHANISMS

SURFACE 030308
FILTRATION 02030202

OO 209
STRAINING OQCO@ZDO*’O

- ) O <
CHEMIGAL  S5o09C80
G3Q3030Q

. cop-2 - 5
After McDowell-Boyer et al. (1986).



MECHANISMS CONTROLLING THE
TRANSPORT OF MICROORGANISMS

m Straining
M Adsorption

M Sedimentation
B Interception
B Diffusion

M Chemotaxis

m Die—Off

® Growth

CDP-2 - ¢

LABORATORY METHODS

B Grain-Size Analysis
B Permeameter

m Consolidation Tests
® Triaxial Cells

® Porosity

® Bulk Density

m Water Content

® Mineralogy

CDP-2 - 7



GRAIN—-SIZE ANALYSIS

1. METHODS

m Seive
®m Hydrometer
m Settling Tube

E Light Scattering Techniques

CcDP-2 - 8

GRAIN-SIZE ANALYSIS

2. RESULTS

m Estimate of Local Hydraulic
Conductivity

- Masch and Denny (1966)
- Hazen

- Grain-Size/Porosity Methods

m Estimate Proper Monitoring Well
Slot-Size

cop-2 - 9



PERMEAMETER TESTS

1. METHODS

® Steady Flow

B Transient Flow

2. Results

® Hydraulic Conductivity

cpp-2 -10



TRIAXIAL CELL TESTS
CONSOLIDATION TESTS

RESULTS

® Hydraulic Conductivity
m Specific Storage
m Coefficient of Compressibility

copP-2 -11

SOILS TESTS

m Porosity
® Bulk Density

m Water Content

coP-2 -12

FIELD METHODS

m Slug Tests

® Aquifer Tests

B Interference Pumping Tests
M Time—Series Sampling Tests
®m Borehole Dilution

m Seepage Meters

® Fracture Mapping

®m Geophysical Techniques

B Tracer Tests.
cpP-2 ~13



SLUG TESTS

TYPES

® Falling Head Test
M Rising Head Test
m Bail Test

m Pressure/Packer Test

CcDP-2 -14

SLUG TESTS

METHODS OF ANALYSIS

m Hvorslev (1961)
® Bouwer and Rice (1978)
m Cooper et al. (1967)

m Nguyen and Pinder (1984)



Ground Surface feed

CDhP-2 -16
Palmer and Paul (1987).
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POTENTIAL SOURCES OF ERROR

® Bridging of Seals

® Leaky Joints

® Formation of Low Permeability Skin
= Entrapped Air

8 Presence of Fractures

¥ Stress Release Around Borehole

® Partial Penetration of Well

® Anisotropy of Formation

® Varying Regional Piezometric Surface
® Boundary Conditions

x Sand Pack Effects

® Uncertainty in Initial Head

® Radius of Influence of Test

* Thermal Expansion

CcDP-2 -19
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FREQUENCY

GEOMETRIC MEAN OF TRIAXIAL RESULTS
FORSITE 1 D2 = <488 m SITE 1 HYDRAULIC CONDUCTNVITY

(std. dev. 0.13)
m SITE 2 HYDRAULIC CONDUCTIVITY

SME 1 l SITE 2

e z TRIAXIAL RESULTS FOR
(-771) A (( 7.64) SEn s AND 2
e \
4
== =F
L E \ -
2| \\ \
7 //
| A
0 / A
-80 -65 -6.0
cDP-2 -24

From Paul (1987).



AQUIFER TESTS

PARAMETERS
DETERMINED

m Hydraulic Conductivity
® Specific Storage

m Leakance

m Anisotropy

® Boundaries

- M Aquitard Diffusivity

CDP-2 25

AQUIFER TESTS

TYPES OF TESTS

m Constant Rate
H Constant Head

® Variable Rate

CDP-2 =26



AQUIFER TESTS

TYPES OF FLOW
EQUATIONS

m Steady—State Flow

B Non—-Steady State Flow

cop-2 -27

AQUIFER TESTS

TYPES OF AQUIFERS

®m Confined
® Unconfined
m Semi—Confined (Leaky)

M Semi—Unconfined

CcDP-2 -28



LOG [3s/3(In(t)]

AQUIFER TESTS IN
FRACTURED ROCK

® SINGLE POROSITY

~ Same Methods as used for porous media
~ Anisotropy will be important
Weeks (1969)

Way and McKee (1882)

B DOUBLE POROSITY

- Barenblatt (1960)

- Boulton and Streltsova (1977)

CDP-2 -29

DIFFERENTIATING DOUBLE POROSITY MEDIA
FROM SINGLE POROSITY MEDIA
(AFTER GRINGARTEN, 1984)

SINGLE POROSITY

N

N p

N e
~ -~

DOUBLE POROSITY -—/

LOG (t)

CDP-2

=30



TIME SERIES SAMPLING

Can be used in evaluation
of source of contamination.

cbp-2 =31

i
L]

CDP-2 -32
Keely, J.F., 1982. Chemical Time-Series Sampling.
Ground Water Monitoring Review, Fall, 1982, p. 29-38.



1. SLOW DECLINE, CONSTANT

CONCENTRATION

TIME OR VOLUME PUMPED

Wl SLOW DECLINE, TRANSENT

CONCENTRATION

TIME OR VOLUME PUMPED

V. SLOW INCREASE, CONSTANT

CONCENTRATION

TIME OR VOLUME PUMFED

Vil. SLOW INCREASE, TRANSENT

W>Tm

TIME OR VOLUME PUMPED

CONCENTRATION

o

11. RAPID DECLINE, CONSTANT

CONCENTRATION

—

TiIME OR VOLUME PUMPED

V. RAPID DECLINE, TRANSIENT

CONCENTRATION

CONCENTRATION

TIME OR VOLUME PUMPED

VI. RAPID NCREASE,CONSTANT

TME OR VOLUME PUMFED

Vill. RAPID INCREASE, TRANSIENT

TME OR VOLUME PUMPED

From: Keely, J.F., 1982. Chemical Time-Series Sampling.

Ground Water Monitoring Review, Fall, 1982, p.29-38.
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BOREHOLE DILUTION

PARAMETERS OBTAINED

®m Magnitude of Groundwater Flux

® Direction of Groundwater Flow

COP-2 -34

egltic
flow-through ggnS'ucuucn
conductance maeter
electrode B
power
syringe mp sourcs
contamng
tracar
air
o compressor
socasl
steel
rod
" Mase
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v . . i | I
.t [J} . v, .
. . ’__‘_—'.—'.-. ."bj :,__.
,‘ packers |

<. - N
‘well “scteen

FLOWLINE e
° v
WATER TABLE ~—3—

CDP-2 -35
From: Mclinn, 1987.



BOREHOLE DILUTION

1n ((g =1 - - Fery

where

c' = background concentration

c, = concentration in injected slug

I

A cross-sectional area of borehole

13 volume in borehole section

g = groundwater flux

cop-2 -36
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0.0 200.0 400.0

TIME (MINUTES)

cDP-2

=37



BOREHOLE DILUTION

TYPES OF DEVICES

m Radioisotope Devices

- Specific Ion Electrode
Devices

m Specific Conductance
Devices

® Thermal Devices

® Resistivity Devices

CDP-2 -38



Seepage Meter

Mini-piezometer
1 A/_ ’

-

| <——dh

\_/~;!A\_/\~—/\—"\—’“‘"\"A‘“/\"’\_‘A\-l\‘aj

/-— Plastic Bag

XA w R B
B o SRR o O
: < -
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FRACTURE
MAPPING

| Orientation
M Aperature

B Spacing

CDP-2 -40

GEOPHYSICAL METHODS

SURFACE TECHNIQUES

® Gravity Survey

m Infrared Imagery

® Ground Penetrating Radar

®m Induced Electrical Polarization
m Resistivity

m Metal Detection

® Magnetometer |

m Reflection Seismics

® Electromagnetic Surveys

CDP-2

-41



GEOPHYSICAL METHODS

BOREHOLE METHODS

® Geothermetry
m Flectrical
m Acoustic

® Nuclear

CDP-2 -42




GEOPHYSICAL METHODS

BOREHOLE METHODS

n Electrical
- Resistance
- Normal
— Lateral
-~ Induction
- Self Potential
- Sidewall

- Induced Polarization

CcDP-2 -43

GEOPHYSICAL METHODS

BOREHOLE METHODS

® Nuclear
- Natural Gamma
- Gamma—-Gamma
— Neutron

- Spectronic Gamma
CDP-2 -44



TRACER TESTS

INFORMATION GAINED

m Dispersion
B Heterogeneity

m Porosity
CDP-2 -45

TRACER TESTS

TYPE OF TESTS

m Natural Gradient

® Forced Gradient
— Single Well Tests

- Two—Well Tests

B Push—Pull

CDP-2 -46



IMPROVED UNDERSTANDING OF
THE FATE AND TRANSPORT OF
CONTAMINANTS IN
HYDROGEOLOGIC SYSTEMS WILL
REQUIRE BETTER
CHARACTERIZATION OF THE
PHYSICAL NATURE OF THE
SUBSURFACE

B Three—Dimensional Monitoring
m Hydraulic Tests

® Tracer Tests

m Use of Geophysical Tools

CDP-2 -47



RESEARCH FRONTIERS

m Spatial Variability
m Chemical/Physical Interactions
®m Multiphase Transport
- @ Multicomponent Transport
| Tool Development
m Particle Transport
m Transport in Fractured Rock
m Source Identification
m Modelling Techniques

m Aquifer Remediation

CDP~-2 -48
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MAJOR IONS

(NATURAL)
ANIONS CATIONS
chloride sodium
sulfate calcium
bicarbonate magnesium
carbonate potassium-

RUJAL-2

RADICISOTOPES
(NATURAL)

M Uranium
B Radium
R Radon

20
238(j_, _.2%6p,, _ 222p

nLsAI-3

TRACE METALS
(NATURAL)

Arsenic
Selenium
Lead
Barium

Cadmium

RtJ3ag-1



WATER QUALITY
PARAMETERS

® TOTAL DISSOLVED SOLIDS = pH
™ SPECIFIC CONDUCTANCE  ® pE (Eh)
®m DISSOLVED OXYGEN » ODOR
® AKLAKINITY = TURBIDITY
= ACIDITY = COLOR
MAJOR IONS
(Anthropogenic)
ANIONS CATIONS
Cyanide Hydrogen
Nitrate
Phosphate

RLI3a2-2

RADIOISOTOPES

(Anthropogenic)

B Uranium

B Cesium

B Strontium
B Ruthenium
B Tritium

RU3A2-3



TRACE METALS
(ANTHROPOGENIC)

B Mercury

Chromium
Arsenic

Lead

|
N
B Selenium
H
B Cadmium

RLI3A2-4

INORGANIC REACTIONS

L SOLUBILITY/DISSOLUTlON/PREClPITATION
m COMPLEXATION

m [ON EXCHANGE

m OXIDATION /REDUCTION

m RADIODECAY



CONCENTRATION

METASTABLE 777

UNDERSATURATED

2\ \OVERSATURATE%

RRRRRRRR
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Shored hydration

Hydration shell contact lon contac! type

type shells
OH, OH,
, H H
H,N\ /NH, Hg.CfN\ /N\CH;
/CU / ~ v /
H3N “NHy HC~N ‘N—CH,
. H H
OH, Hy
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o] CH,
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Source: Morel, 1983 (Used with permission) RLJ3A4-S



Mononuclear Compleaes
Addition of ligand

M=~ ML —= ML, - == ML, - - == ML,
—f;
nl
i
iR
[ML}
Koo
ML, JIL)
ML)
b= poaer
Addition of protonated ligands
M ML Sk ML, - S ML, - S ML

———f,

*8,

5

__MLJH")
ML, JHLI

_IMLJHF
MIHLT

'K‘

*b:

Polynuclear Complexes

in ff...and * 8, the subscripts n and m denote the composition of the complex M_L, formed.

[If m = |, the second subscript (= 1) is omitted.)

_ ML)
(MPILF

o w ML)
= [MP{HLF

b..

Source: Morel, 1983 (Used with permission)
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o e,
= 20p ‘e -
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g 2 e o
t22F \o\ -
L
- e 4
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Schnity %e

Source: Morel, 1983 (Used with permission)
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Acid — 8o Soecin

X~—0" X—o0K" X =0

l l [\

Metal Coordination Soecies

b I, X meee O e P e O
|

| M 7N

x—0 , e

I Nm ‘o’

Ligand Coordination Species

T | 1°
KXo Q e P o O X—O-—E—-—ON
| I~
! o
—0 OH —
[N\,7 | \’/
AN N
| |
Termary Complexes
)y X——0——M—t an x=——r—mM
lon Pairy

H
— o™
I I\

Source: Morel, 1983 (Used with permission)

OH

XomQ—m

VAR

OH
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log S

Freundlich

SN I S S Y A BN O O DO

logC

METAL ION BINDING TO OXIDE SURFACES
100

80+

_PERCENT
ADSORBED
(o]
=)

H
o

N
o

Adapted from liohl and Stumm, 1976
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ORGANICS
(NATURAL)

m HUMICS, FULVICS
m COAL, PEAT, LIGNITE

m PETRO-ORGANICS

RLJ3BI—-1



HCQ

| {Suqgar)
(HC-OH1
COOH COOH COOH HCs0
HO
R-CH [+
QLT o
HO ~-N o 0 CH—CH,
SRS O RO Yo U
0O H [o]
\N >
NH 0
|
R-CH
| {(Peptide)
N
N+

RLJ3B1-2

SOIL ORGAI}HG MATTER
1

HUMIC MATTER NONHUMIC MATTER
UNDECOMPOSED PLANT RESIDUES

TREAT WITH ALKALI

INSOLUBLE SOLUBLE

(HUMIN)
TREAT WITH ACIO

PRECIPITATED NOT PRECIPITATED
{HUMIC ACID) {FULVIC AGID)
EXTRACT WITH ALCOHOL ADJUST pH TO 4.8
i
t
SOLUBLE INSOLUBLE SOLUBLE INSOLUBLE
(HYMATOMELANIC ACID) B-HUMUS

RLJ3B1-3



ORGANICS
(ANTHROPOGENIC)

® EPA PRIORITY POLLUTANTS
m RCRA APPENDIX IX

= POLAR ORGANICS

® IONIZABLE ORGANICS

m EVERYTHING ELSE

RLI3B2-1

POLAR AND IONIZABLE COMPOUNDS

ALCOHOLS (ISOPROPANOL)

ANALINES (NITROANALINES)

ACETATES (VINYLACETATE)

AMINES (DIPHENYLAMINE)

THIOLS (TRICHLOROMETHANETHIOL)
FURANS (DIBENZOFURAN)

NITRILES (ACRYLONITRILE)

PHENOLS (CHLORO- AND NITROPHENOLS)
ALDEHYDES AND KETONES (ACETONE)
ACIDS

RLI3B2-4



ORGANIC REACTIONS

m HYDROLYSIS
m SORPTION
m COSOLVATION

m JONIZATION

m BIODEGRADATION

RLI3DB4-1

RX 4+ HOH - ROH + HX
H uX I_Il—
c-¢ —-2L

- C=C + HX
OH™ ~

RLI3B4-2



HYDROLYSIS OF
1,2,4-TRICHLOROBENZENE

100 DL
:‘\\ET\\\\\\\\\\\\Ig\\\\~\\-slj\\\>
50 (
PERCENT [ . ke
REMAINING ~ 70¢ HALF-LIFE = 160 HOURS
P H=7.11
10 | ] ]
0 50 100 150
TIME (HOURS)
Adapted from Ellington ec al. 1986, ALJ3B4-8

dC - KO
dt =

In——| = -kt
c(0)

at the half-life: |C | _
[am—as

t= 160 hours
thus, K=0.69/160

K=43x10 hr'

nLJ3B4-10



ADVECTION—-DISPERSION
EQUATION

WITH FIRST-ORDER DEGRADATION
(IRREVERSIBLE)

3x  9x 0ot

RLI3B4~11



1800 600

SLOPE =
1500 L Koc / 500
1200 - - . 400
P oo PYRENE ~ Kp
- o
PYRENE f 399 PHENAN-
. ° 9 THRENE
600 - ‘ . . o < © 200
' o [e X o]
300} 5 4100
PHENANTHRENE
o]
0 & T T T T 0
0.0 .005 010 .015 .020 025

SORBED CONCENTRATION (ug/g OF SOIL)

FRACTION ORGANIC CARBON

RLJ3B4-12

Adapted from Karickhoff, 1981

1200

i

800

400

1,1,1-TRICHLOROETHANE
/ 1,1,2,2-TETRACHLOROETHANE

l p 1,2-DICHLOROETHANE

| [ ]

400 800 1200 1600 2000 2400
AQUEOQOUS CONCENTRATION (ug/L)

RLJ3B4-13
Adapted from Chiou et al.,1981.



ADVECTION-DISPERSION

EQUATION
WITII LINEAR EQUILIBRIUM
PARTITIONING
2
d C d C 0 C
D — % — V— = R-—

Jx J X Jt

RLJ3B4—-14



- McKay and Trudell

Myrand et al.

Johnson et al.

LOG OF THE FINAL AQUEOUS CONCENTRATION (PPB)

RLJ3B4-1§



RELATIVE CONCENTRATION

ALKALI LAKE

TIME (DAYS)

Adapted from Roberts et al., 1986.

z 10 a
o
- ,
é 0_8 = 2.6-DICHLOROPHENOL
- y -
&
% 0.6 _ 2,3,4,5-TETRACHLOROPHENOL
O .
O DICHLOROPHENOXYPHENOL
2 04 -
N
- |
L
S 02 -
o
(@)
s
0 : - .
0 200 400
DISTANCE (M)
RLJ3B4-16
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0o- STANFORD/WATERLOO
' TRACER TEST
0.8-
0.7 CHLORIDE I
0.6- ‘
0.5 -
0 - CARBON TETRACHLORIDE
0.3 -
0.2 - TETRACHLOROETHYLENE
0.1 1 \_\%
0 . :
0 200 400
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1000
METHANOL-WATER

ANTHRACENE

100

0.1 1 2 3 4 05
FRACTION CO-SOLVENT

Adapted from Nkedi-Kizzs et al., 1985. RLJ3IBA-18
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Koo 1500
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0 1 I | I | I
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oH
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TOTAL MASS REMAINING

MASS INJECTED

\_____ TETRACHLOROETHYLENE

CARBONTF#rR

BROMOFOR

200 400 600
TIME (DAYS)

Adapted from Roberts et al. 1986.

ACHLORIDE
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LNAPILs

PRODUCT
SOURCE
INACTIVE

S L

TOP OF
PRODUCT
e - \_#—— AT RESIDUAL
SATURATION
v A .

WATERTABLE
PRODUCT
AT RESIDUAL
—— S GROUNDWATER
e Fl.ow
RLJIDI-1
LNAPLs
PRODUCT
SOURCE
INACTIVE
e e L
CAPILLARY AT
SATURATION

~

GROUNDWATER N—— GROUNDWATER
PRODUCT A
- AT RESIDUAL —>
FLOW SATURATION FLOW
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AEROBIC
ZONE

HEART OF
THE PLUME

ANAEROBIC
ZONE

PRISTINE
ZONE

CHEMICAL SPECIES
SO
CH
4 4 NO:3 y
ELECTRON ACCEPTORS — |
NO3 O2
002 SO 4 ]

ORGANIC MASS (g)

Adapted from Patrick and Barker, 1987.

RLJJD1-8
WATERLOO “BTX* EXPERIMENT
4 .
\ CHLORIDE
3 BENZENE
TOLUENE
O-XYLENE
) P-XYLENE
M-XYLENE
1
o | !
100 200 300 400
TIME (DAYS)
RLJ3D1-7



Nitrate (mg N/L)

Sulfate (mg/L)

Oxygen (mg/L)

5
4 ] .
3 Nitrate i
2 .
1 -
0] — . T
Heart of Anaerobic Aerobic "Renovated"
the Plume Zone Zone Zone
12 ~
10 -
8 -
- Sulfate
6 -
4 -
2 -l =
(s} T T
Heart of Anaerobic Aerobic "Renovated"
the Plume Zone Zone Zone
10
8 -
6 Oxygen
4 -4
2 -
I-?eart of Ana;roblc Aerrobic "Renovated"
the Plume Zone Zone Zone
Adapted from Wilson et al., 1986. RLJ3D1-9



Elec. Pot. (mv)

Methane (mg/L)

Oxygen {(mg/L)
CunWAONO~N®DO®
|

-h oh

Iron (mg/L)
CuaNWOLNONPOO-

| SN OO WK USSR TR WA [ P e |

\ Fe

16

14 4

12

.

183 Methane
6

4 7

23

Oxygen

S O T |

4

300

250 , 1
200
150
100 eh
50

0
-so =

-100 -

-150 - =

-200 v v
Heart of Anaerobic Aeroblc "Renovated"
the Piume Zone Zone Zone
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GROUNDWATER SAMPLING

H SAMPLING USING MONITORING
WELLS

m SAMPLING USING CORING
TECHNIQUES

m SAMPLING IN THE UNSATURATED
ZONE

SAMPLING USING MONITORING
WELLS

m WELL PLACEMENT

® WELL DESIGN

m WELL PURGING

m SAMPLING AND STORAGE
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PURGING
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PURGING
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GROUT—=, \ SAMPLER
I FILLING
|| LOCATIONS

4

|
i

WELL SCREEN—x

A 4

[l SAMPLER CONTROL

GROUT—=1|[  LINE

PACKER

SAMPLER

SAND PACK ___>
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PACKEA

PLATION LINE .- NESEAVOIR PRESSURE

CONTADL LINE

INFLATABLE PACKER
{OPTIONAL)

171810 NCH ZERO-DEAD
YOLUME UNION

:
.
A

SAMPLE COLLECTION
RESEAVION

CRIMPING SECTION

CHECK VALVE

QUAARTZ PAE-FILTER

Example of a small-diamoter resorvoir sampler (Johnson et al. 1987)
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SAMPLING USING CORING
TECHNIQUES

m CORING AND SQUEEZING
® CORING AND DISPLACEMENT
® CORING AND EXTRACTION
® CORING FOR MICROBIOLOGY

m FREEZE—CORING



No (UP TO 750 psi)

e,

[ [
h f
H # .
N 172" sTUD
R N N N /
N N
N
N N
Ny o
/—( LoAD PISTON i
0" RING SEALS —= - N
\ / N
N / 8
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PORE-WATER EXTRACTION
BY DISPLACEMENT

IMMISCIBLE FLUID
SAMPLE
¥

- N /ERTRACTED
SIS P ORE WATE R

CENTRIFUGAL FORCE :__: RLIJ4A2-8

Friedrichs
Condenser ~— |

-
-

Soxhlet.
Extraction S
Tube

Flask

RLIG4A2:4



< WATER AND

10 ml VIAL < METHANOL

ORGANIC SOLVENT—

WATER —
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UPPER DRIVE
HEAD WITH LEFT
THREADED PIN K

~

N - SCHEMATIC

INNER CORE BARREL
{DEDICATED)

el TTT

T

PISTON CABLE ~ OUTER CORE BARREL

P OP OGPt 0o eres

LI TY

-

HARDENED DRIVE PISTON WITH RUBEER
SHOE < WASHERS B BRASS
N _/ SPACERS

Source: Zapeco et al., 1987.
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COOLANT IN

CORE REMOVED
BY EXTRACTING
THE PIPE

FROZEN GROUND

XXX

G
RS
C2056K06%
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SAMPLING IN THE UNSATURATED
ZONE

m SUCTION LYSIMETERS
® PAN LYSIMETERS

m VAPOR SAMPLING

RLIAAZ-1



 SAMPLE

SUCTION LYSIMETER

E<§__7 VACUUM/
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themew|  VAPOR SAMPLING
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-<— SYRINGE

SEPTUM,
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TO PUMP

e [
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A
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‘TO PUMP

&7 SORBENT

CARTRIDGE

SOIL GAS

“~ PROBE
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EXPERIMENTAL METHODS
—CHEMICAL

® LABORATORY METHODS

m FIELD METHODS

RLJ4C-1

EXPERIMENTAL METHODS

— LABORATORY
m SORPTION m VOLATILIZATION
m DIFFUSION m [ON EXCHANGE
m HYDROLYSIS m DIAGENESIS
m COMPLEXATION m DEGRADATION

m DISSOLUTION/PRECIPITATION
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RELATIVE CONCENTRATION

STANFORD/WATERLOO

TRACER TEST

CHLORIDE

CARBON TETRACHLORIDE

TETRACHLOROETHYLENE

TOTAL MASS REMAINING

200 400

TIME {DAYS)

After Roberts et al., 1986,

MASS INJECTED

0.1

N TETRACHLOROETHYLENE

—~—

\

BROMOFOR

|

RLJ4C2-2

CARBONTETRACHLORIDE

HEXACHLOROETHANE mCHLOTOBENZENE

1 1 ! ] ]

200 400 600
TIME (DAYS)

After Roberts et al., 1986.
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{ FLUORESCEIN) ( JMOLAR)

WATER TABLE

Cross—Section

PUMPING WELL
INJECTION WELLS, ,{ WATER TABLE

Plan View

Source Johnson, 1984.
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3 M PUMPING TRACER TEST (FLSP)
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1.INJECT 2.WAIT 3.WITHDRAW

RLI4C2-5

PUSH-PULL.B408.F

9.40 -

FRACTION RECOVERED

8.20 1

9.00 v T r
2.00 N 4.90 5.02

0. 1.0 .
TIFS SINCE INJECTION (+0

Fraction of meas recovered during pumping
verasus residence tine of the tracer in the
ground prior to beginning of pumping for the
“push-pull™ testx using fluorescein.

Source: Johnson, 1984.
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RESEARCH FRONTIERS

M INDICATOR COMPOUNDS B SOLVENT/CLAY
INTERACTIONS

M SORPTION EXPERIMENTS DIFFUSION IN CLAY

M PARTICLE TRANSPORT B UNSATURATED ZONE
VAPOR MOVEMENT

M ANALYTICAL METHODS DEVELOPMENT

RIJ4D-1

INDICATOR COMPOUNDS FOR
COMPLIANCE MONITORING

® CONSERVATIVE AND NCN—-REACTIVE
m UNIQUE TO THE WASTE MATERIALS

m REPRESENTATIVE OF THE WASTE
MATERIALS
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COMMON INDICATOR
COMPOUNDS

® Chloride
® Bromide
® TOC
m TOX

m Halogenated Aliphatic
Hydrocarbons

RLI4Dt-2

SORPTION EXPERIMENTS

"K = F(SOIL/WATER)?
= NON—SETTLING PARTICLES
= [RREVERSIBLE SORPTION

m SORPTION OF NON—-HYDROPHOBIC
COMPOUNDS

RILI4D2-1



2,3,4,5,6,2’,5’~-HEPTACHLOROBIPYENYL
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(ML/G)

| ] |
102 10°  10?

SEDIMENT CONCENTRATION
(MG/L)

After Gschwend and Hu, 1985.
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After Cschwend and Wu, 1985,
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PARTICLE TRANSPORT

m MICROPARTICLES, COLLOIDS, AND
MACROMOLECULES

B TRANSPORT OF INORGANICS

® TRANSPORT OF ORGANICS
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0.01 L l |
1 10 100 1000

SOLIDS CONCENTRATION
(MG/L)

0.1~

ORGANIC CARBON (MG/L)
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WHEN IS PARTICLE TRANSPORT
OF ORGANICS IMPORTANT?

EXAMPLI:
1. Mass of NSP = 100 mg/L
2. foc of NSP = 0.01
9 therefore, mass of C = 1 mg/L

" if Koc = 10°, then

mass on NSP = mass in water

if Koc = 105, then

mass on NSP = mass in waler
10
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PRIORITY POLLUTANTS WITH .
K(')C VALUES GREATER THAN 10

DDE PAHs
DDT TCDD
Aroclor 1260

Toxaphene
hexachlorobenzene

Dioctyl phthalate

RLI4D3-4

SOLVENT /CLAY INTERACTIONS

m PERMEABILITY CHANGES
m DIFFUSION



WASTIE ADVECTION AND DIFFUSION

AQUIFFER
RLI4D4 -2
DO ORGANIC SOLVENTS CAUSE
THE CLAY TO SHRINK
AND CRACK?
'/ \1 \

WASTE

AQUIFER
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DIFIUSION IN CLAY

m DIFFUSION THROUGH LINERS
m RETARDATION

® SOLVENT/CLAY INTERACTIONS

B STEADY—-STATE DIFFFUSION

B DIFFUSION THROUGH AQUITARDS

RLJ4DS5-1

WASTIE HIGH CONCENTRATIONS

SNTRATIONS
AQUIFER LOW CONCENTRATION
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DIFFUSION

FICKS SECOND LAW:

aC _ a° ¢
5t~ Tnhge
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DIFFUSION

WITH SORPTION

FICKS SECOND LAW:

Q_Q_—Tnhlagc
3t R 9 x°
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(em)

DEPTH BELOW INTERFACE

n
o

40

60

80

100

0.2 04

0.6 0.8

0.2

(a)

(m)

0.4

0.6

DEPTH

0.8

(b) (c)

(a) D-4x10°8 cmz/s; or

D—2x10'7; or D-2x10"8

T-5 years T-100 T-1,000
(b) D-4x10"% em?/s: or D-2x10"7; or D-2x10"8
T-15 years T-300 T-3.000
(c) D-4x10"8 cmz/s; or D-2x10'7; or D-2x108
T-25 years T-500 T=5,000
Source: Johnsen et al., 1987b. RLJ 4D5-5

Sourece:Johnason et al., 1987.
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NORMALIZED
CONCENTRATION

AQUIFER
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DIFFUSION

STEADY—~STATE

FICK'S FIRST LAW:
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CONTAMINATED AQUITFER 1

UNCONTAMINATED AQUIFER 2
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AQUIFER 1

SOLVENT

UNCONTAMINATED 'AQUIFER 2
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ANALYTICAL METHODS
DEVELOPMENT

m [ON CHROMATOGRAPHY

m IMPROVED VOLATILES ANALYSIS

m SUPERCRITICAL FLUID CHROMATOGRAPHY
m MS/MS,/MS

m GC/MS/MS ...

RLJ4D6 -1

UNSATURATED ZONE VAPOR
MOVEMENT

m "PLUME SNIFFING"
m PHYSICAL/CHEMICAL PROCESSLES
m MICROBIOLOGICAL PROCESSES

m FLUX TO THE ATMOSPHERE
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GROUNDWATER PLUME

GROUNDWATER FLOW
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IMPERMEABLE CAP

GROUNDWATER PLUME

[
GROUNDWATER FLOW
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THE MICROBIAL ECOLOGY GOVERNING
POLLUTANT BIODEGRADATION IN
TERRESTRIAL SUBSURFACE ECOSYSTEMS

BY

Joseph M. Suftita, PhD.,
Department of Botany and Microbiolegy
The University of Oklahoma
Norman, Okiahoma 73019

Summary: The first seminar is an introduction to the historical and current
scientific perspectives regarding the microbial ecology of the terrestrial subsurface.
Careful altention is paid to how these perceptions evolved. Examples are given of the
diverse types of subsurface microorganisms and microbial communities and their
associated metabolic activities are emphasized. The metabolic principles that govern
pollutant bindegradation in other habitats are extrapolated to subterranian aquifers.
The limits of poliutant biodegradation in aquifers are considered in the context of the
existing environmental conditions, the physiology of the indigenous microflora and
the chemical structure of the offending materials. Lastly, it is shown how these
principles might apply to a bioreclamation/bioremediation approach to the clean-up
of contaminaled aquifers in either an /2 ssfv or above ground treatment process.



MICROBIAL ECOLOGY

Microblal ecology has sometimes appeared to be the
art of talking about what nobody really knows
about In a language that everyone pretends to
understand

----Francis E. Clark, USDA-ARS

The Truth About Ground Water Pollution:

Misconceptions:

e “Living Fliter” degrades pollutants
before ground water contamination
occurs

e No microorganisms below surface
soll layers

Surface

Unsaturated Zone

Facts:
Saturated Zone . .
s Pollutants do contaminate aquifers

* Microorganisms do exist in
subsurface

Groundwater contamination
The environmental issue of the 1980's

e 80X of population depends on groundwater
e 2868% growth In demand from 1980-1980

e 1/3 of tho large public water systems have
man-made contamination

e 7,741 private, public and industrial wells
have baen closed or seriously affected
by contamination



Non-point sources

Agriculture
Road salt

Point sources

Resldentlal septic systems

Leaking underground storage tanks
Surfacs Impoundmants
Landflilis
Transportation losses

Groundwater pollution

Contaminated
Water ‘ Fume/Explosion
r Supply Hazard

Ve 3plll Site
I 4 A

Contaminated
8oll

Surface
Contamination

Water
Table

Free Product

Conlaminated Water




Types of groundwater pollution

Free product

Most severe
Limited area
Source of soil & water contamination

Contaminated soll

Severity is soll dependent
Follows free product movement
Source of water contamination & fumes

Contaminated water

Lower concentration
Greatest area
High public exposure

Totsl microbisl numbers in shallow syuifers

] pristine B contaminated

5 AAPTEU 3 LW BN P S et Sl (el L AR Tl O EN GO TE B e

Norman,0K otidsES
St Lows P, MN [RISSEIERAIETv : )
. e TR T
Ontario Canada [SESSETEIERE v at
Conroe, TX [RESHIEES 50 lids EEICIIOTENSRNTS

Dayton, OH water - ]
Fort Pok, LA sotids : ]
Pickett 0K solids —
Luta, K solids : ul
1] 1 2 3 4 5 6 7 8

1og number of cells / gdw or ml
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Questions About Subsurface

Microorganisms

* Are they metabolically active?

e How diverse is their metabolism?

for aquifer remediation?

What factors serve to stimulate and/or
limit their growth and activity?

Can we take advantage of their metabolism

Metabolic Processes Detected in the Subsurface and Oxygen

Requirements
Metabolic Oxygen Reference
Process Requirement

1 BIODEGRADATION OF ORGANIC POLLUTANTS

A) Petroleum Hydrocarboas

B) Alkylpyridines

C) Creosote Chemicals

D) Coal Gasification Products

E) Sewage Effiueat

F) Halogenated Organic Compounds
G) Nitrilotriacetate (NTA)

H) Pesticides

Aerobic
Aerobic/Anaerobic
Aerobic/Anaerobic
Aerobic
Aerobic
Aerobic/Anaerobic
Aerobic/Anaerobic

Aerobic/Anaerobic

21.46.58.39.60.61,62
63

26.55

52

33.64.65
21.24.25.46.56 67
67.68

25.67.68

Metabolic Processes Detected in the Subsurface and Oxygen
Requirements - Continued

Metabolic Oxygen Reference
Process Requirement
Il Nitrification Aerobic 69.70.71
1. Deaitrification Anaerobic 35.67.72
IV.Sulfur oxidation Aerobic 73
V.Sulfur reduction Apaerobic 74.73.76 77.78
VI.Iron Oxidation Aerobic 73.79
VIl lron Reduction Anaerobic 53.95
Vill. Manganese Oridation Aerobic 79
Anaerobic 24.25.53.76.80 81

1X Methanogenesis



Redox conditians ana bdiotransfaraations in a2 polluled aquifer

(Bouver, 1984)
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Redox Conditions Biodepgradability Lag Time Relative Rate Rel.
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Denitrifyting . 2
Sulfate Reducing . 3,0
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(1) Hopper, 1976, 1978; (2) Bossert & Young, L986; (1) Bak & Widdel, 1986;
(4) Smolenski & Suflita, 1987; (5) Godsy et al., 1983; (6) Senior & Balba,
1984.



Dejracation of pollutants ia 2n
derodrc and {8 a methanogenic
biofiln cclumn (Bouwer, 1984)

1)

Substrate Aeradic Mechancgenic

dnf;ndutonn enquuuienn
Acetate .. .
Chloroten:ene Iy -
1,2-01crlerobenzene .. -
1,3-Dichlorcbenzene . -
1,4-Dfchlorozenzene L -
1,2,4-Trichloroteqzene .. -
Eshylbenzene .- -
Naphthalene .- -
Chlgrefara - .o
1,1,1-Tricnigrzesrane - *
Tetrachiorcethylene - .
Cardonterrachlgrice - I
Bremoferm - e
1)

Fed as secaondary substrate (1 - 30 pgrlit)
Detention time: 20 amin.
Detention time: 2 days

MICROCOSM
....a calibrated leboratory simulation of a portion of a natural
environment 1n which environmental components, in as undisturbed a
condition as possible, are enclosed within definable physical and chemical
boundar ies and studied under s standard set of labor atory conditions.
--P.H. Priichard, U.S. EPA



MICROCOSM SAMPLING APPARATUS

Dautron-water

Teflon-tned
Scrow Cow

80-mi Teot Tue 28-mm LD,

To Roptigats Wrsaosms

i

m".'ﬂ:c"ff';‘

To Metering Pumo

WASTE ASSMULATMVE

SCREENNG CAPACITY

QUANTITATIVE ASSESSMENTS
® Rate, Routes, Resetvors

* hieroction
o Modeiing

¢ Reitive Roéng
o Worst Case

QUALITATIVE ASSESSMENTS
o Corseneus Judgment




UTILITY OF MICROCOSMS
Risk Assessment
Waste Assimilatory Capacity of an Environment
Transport of 8 Contaminant

Fate of o Contaminent

f) 1dentity blodegrodable poilutants

B) examine the effects of substate
concentration on blodegradation

€) determine biodegradation
pathways

D) estimate rates of
blotransformetion

A 1 0
Repliceble
Uary chemicol and physical paremel
Perturbable
Manipulate trophic structure
Control of inports and exports
Can be time efficlent
Ruoid fleld poliution
Rccessible and Contalnable

N 1
Containerization
Structurat and functional disturbance
high Initial costs
high operating costs
high surface to voiume ratios



EASE OF EXTRAPOLATION

<
: 8 AR
DIFFICULT ~ / ‘VJ N
Y= )N
.
A VANV
Wi
“Mote hili ' Mountain
ﬁ;a MODERATE '
o / .
Bacteriol Human
physiology physiology
PROBABLY
EASY
Lo B L hey
o LD o 0
e & % o °
8
Surfoce Subsuriocs
microbiology microbiology

Factors Influencing Pollutant
Biodegradation

e Existing Environmental Conditions

e Physiology of the Requisite
Microorganisms

e Chemical Structure of the Contaminant



Organic Materials That Persist in Various Habitats

Organic Material Source Age (Yrs.)

Human Hair Desert =5x 103
Cemetery

Protolytic Permafrost >5x 103

Enzymes Soils

Wood Soil/Lagoons/ 2-20 x 103
Peats

Microbiol Spores Fresh Water 3 x 104
Sediments

Oil Deposits Subsurface 4 x 108

Environmental Barriers
To Biodegradation

Environmental Barriers

To Biodegradation_



Potentially Limiting
Environmental Faclors

pH

Salinity

Other Synthetic Chemicals
* Heavy Metals

Osmotic Pressure
Hydrostatic Pressure

Free Water Limitations
Radiation

Physiological Barriers
To Biodegradation

A contaminant will be a poor substrate if:
e No active microorganism is present, therefore, no
available enzymatic machinery
e Microorganisms present, but ...
— Substrate is a poor inducer
— Substrate concentration is too low
— Substrate fails to enter cells
— Cell lacks other essential nutrients
— Inhibition/toxicity of enzymes by substrate or
products
— Other necessary microbes are absent
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Chemical Barriers
To Biodegradation

cftect ot Branching

Fast

O

%}.caz-cugimz-coono@ COOH

\ Cl}cvaqo Points /

CHy

[}
@cw,—cuz-cug-mrmrcaz-cm-w-coon -—@-coon

Relative Rate of 3-Oxidation
Moderate

Stow

CHy

Quatermary
Carbon Atom CHa

1
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o O
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Micrococcus ceriicons HO 3
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Micrococeus cerilicons S-14 4
Psevd aerug 9 JWF
Psevdomonos ceruvginoso 191 IWF
Psevdomonas oeruginasa Sot 20 JS
Mycobacterium phiei No. 451
Mycobocterivm fortuitum No. 389
Mycodocterivm rbodochrous No. 382
Mycodecterivm smegmotis No. 422
Nocardie opaco

Nocerdia rubdeo

Nocordio erythropolss

Nocordig polychromagenes
Nocardio coratting
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Tte rate of anzercbic morohalobenzoate metabolism exhibited by an enrichment

of cehalogenating bacieria

POSITION ----- DEHALOGENATION RATE ( umoles 7/ 1/ hr )=~~~
F Ct Br i
RTHY nd 0 1.20 0.50
IMEIA o 463 3.70 0.89
FARA 0 0 0.05 0.66




Ease of Biodegradation

Labile Recalcitrant
Structural Chemicals With
Analogs of < » NO Natural
Naturgl Counterpart
Materials

Biodegradability

Easy

1. Hydrocarbons

It Substituted Hydrocarbons,
Phenals, Esters, Alcohols,
Nitriles, Partially Chlorinated

0l Pesticides
1V Highty Chlorinsted Compounds

¥ ~Monater” Molecules
— Kepone

It's Not Whether,
it's How Easy!

Enhanced biocreclamation is the
use of common scil bacteria to |
degrade organic contaminants



Biodegradation of organic

contaminants
Carbo N . Carbon
H,drog':',, [T2i7Ti7s Coll Materlal [ f.o1"."+  Dioxide,
b L Water
C,H,N, P, O, C,H,N,P, 0O,
Traca Mingrals Traca Minerals

Bloreclamation stimulates this natural procass

*

\J DIRECTION OF GROUND WATER FLOW Q

A N

INJECTION SYSTEM

2

g
3
H
g
“~
“«~
«~
-
e
€
<

ZONE OF CONTAMINATION

S N A A

contarnenated

waer 1 1 1 1 1 L 1 1 11
MR

nlw/:alic recovery RECOVERY SYSTEM
o { { \

What Is In Situ Remediation?

In Situ: “In the natural or original
position”

Remediation:  “A process of correcting or
: counteracting an evil"”

S In Situ Bemediation is the process of
correcting a contamination problem in
the environment in which it occurs



’as

NUTRIENT
ADOITION
TANK

TO SEWER OR
RECIRCULATE

— AR
(1 COMPRESSOR
WATER SUPPLY
COARSE
SAND
— PRODUCTION WELL ——INJECTION WELL
WATER TABLE ATh~
|| - ] =
\\__r'— |
- — P bt
6 — SPILLED MATERIALS l} SPARGER
~-~ - J/

P A ar o av o SV Ay o av ey e AR AN
CLAY

Compravser ar  Nutrlent Addition

Hydrogen Petoxide
Tank
——

Monitoring Wel
Recovery Waell

fidvantages gf bigrestoration
Can be used to treat some common aquifer poliutants
Environmentally sound - complete destruction of conlaminant
Utilizes Indigenous microorganisms
Treatment moves with the water
Economical

Disadyantages of bioresioration
Bacteris are subject to inhibltors
Bacterla can potentially plug formations
Incomplete degradation con lead to taste and odor problems
Maintenance Intensive
Limited to aquifers of high permeabliity
Long term effects unknown



REFERENCES

1) McKay, D.M., P.V. Roberts and I.A. Cherry, 1985.
. ENVIRON SCI TECHNOL,

19: 384-392.

2) Fresze, R.A. and J.A. Cherry, 1979. Groundwater (Prentice
Hale Inc.) pp. 388-413.

3) Alexander, M., 1971. Microbjal Ecology. John Wiley and

Sons, Inc., p. 395.

4) Page, G.W., 1981. Comparison of Groundwater and Surface
Water for Patterns and Levels of contamination bv Toxie

v
Substancegs. ENVIRON SCI TECHNOL, 15:1475-1481.

5) Council on Environmental Quality, 1981.
. U.S. Government

Printing Office, Washington, D.C.
6) Waksman, S.A., 1916. Bacterjial Numbers in Soil, at
Different Depths, and in Different Seasons of the Year

SCIENCE, 1:363-1380.

. SOIL

7) Balkwill, D.L., T.E. Ruzinski and L.E. Casida, 1977.
spec

i ctro o) v w .
ANTONIE VAN LEEWWENHOEK J MICROBIOL SEROL, 43:73—87

8) Kuznetsov, S.I., M.V. Ivanov and N.N. Lyalikova, 1963. The

In: INTRODUCTION TO GEOLOGICAL MICROBIOLOGY. (C. Oppenhciner.
ad) McGraw-Hill Book Co., New York.

9) Wilson, J.T. and J.F. McNabb, 1983. Biological

AMER GEOPHYS UNION, 64:505-507.

10) Bitton G., and C.P. Gerba, 1984. Groundwater Pollution

Microbiology: The Emerging Issue. In: o
. Bitton, G., and C.P. Gerba eds. John Wiley &

Sons, New York, pp- 1-7.

11) McNabb, J.F., and Dunlap, W.J., 1975. Subsurface
(o] w .

GROUNDWATER, 13:33-34.

. EOS TRANS

12) Dagley, S., 1984. Introduction. In: Microbjal
Qmpounds. Gibson, D.T. ed. Marcel

Dekker, Inc., New York, pp. 1-10.

13) Alexander, M., 1981l.
Environmental cConcarn. SCIENCE, 211:132-138.



14) Kobayashi, H. and B.E. Rittmann, 1982. Microbial Removal
of Hazardous Organic Compounds

. ENVIRON SCI TECHNOL, l6:170a-
183a.

15) Slater, J.H. and D. Lovatt, 1984.

Biodegradation and the
sianificance of Microbjal Communities. MICROBIAL DEGRADATION
OF ORGANIC COMPOUNDS (Gibson, D.T. ad). Marcel Daekker, Inc.,

New York, pp. 439-485.

16) McInerney, M.J. and M.P. Bryant, 1981. _Basic Principles of
Bioconversions in Anaerobic Digestion and Methanogenesis.

BIOMASS CONVERSION PROCESSES FOR ENERGY AND FUELS (Soferr, S.S.

and 0.R. Zaborsky eds). Plenum Publ. Corp., New York, pp. 277~
296.

17) McNabb, J.F. and G.E. Mallard, 1984. Microbiological

sampling in the Assessment of Groundwater Pollution.
GROUNDWATER POLLUTION MICROBIOLOGY (Bitton, G. and C.P. Gerba
eds). John Wiley & Sons, New York, pp. 235-260.

18) Alexander, M., 1965. pBlodegradation: Problems of
Molecular Recalcitrance and Microbial Fallibility. ADV APPL

MICROBIOL, 7:35-80.

19) Alexander, M., 1973. Nonblodegradable and Other
Recalcitrant Molaeculaes. BIOTECH BIOENGINEER, 15:611-647.

20) Mccarty, P.L., 1985. Application of Biological

w . PROC SECOND INT CONF
GROUNDWATER QUALITY RES (Durham, N.N. and A.E. Redelfs eds).
Natl. Cntr. Groundwater Res., Stillwater, OK, pp. 6-1l1l.

21) HcCart}, P.L., B.E. Rittmann and E.J. Bouwer, 1984.

oce 0
Groundwater. GROUNDWATER POLLUTION MICROBIOLOGY (Bitton, G.,
and C.P. Gaerba eds). John Wilay & Sons, New York.

22) McCarty, P.L., M. Rainhard and B.E. Rittmann, 1981. ZIrace
organics in Groundwataer. ENVIRON SCI TECHNOL, 15:47=-51.

23) Bouwer, E.J. and P.L. McCarty, 1984.
+« GROUNDWATER
22:433=440. ‘

24) Suflita, J.M. and G.D. Miller, 1985. The Microbial

o e
ENV TOXICOL CHEM, 4:751-758.

25) suflita, J.M. and S.A. Gibson, 1985. Bilodearadation of

W W

. PROC SECOND INT CONF GROUNDWATER QUALITY RES
(Durham, N.N. and A.E. Redelfs eds). Natl. ¢ntr. Groundwater
Res., Stillwater, OK, pp. J0-32.



26) Wilson, J.T., J.F. McNabb, J.W. Cochran, T.H. Wang, M.B.
Tomson and P.B. Bedient, 198s. o c

Influence of Microbial Adaption
on_the Fate of Organic Pollutants in Ground Water. ENV TOXICOL

CHEM, 4: 743-750.

27) Westray, M.S., R.A. Brown and R.D. Norris, 198s.

W e . Presantad at
the American Institute of Chemical Engineers Conferenca, Nov.
10-15, 1985, Washington, D.C.

28) Schumb, W.C., C.N. Satterfield and R.C. Wentworth, 1955.
. Reinhold, New York, p 421.

29) Brown, R.A., R.D. Norris and R.L. Raymond, 1984. Qxygen
. Proceadings of the

NWWA/API Conference on Petroleum Hydrocarbons and Organic
Chemicals in Ground Water-Prevention, Detection and
Restoration. Nov. 5-7, 1984, Houston, TX.

30) Texas Resaearch Institute, Inc., 1982. Enhancing the

o)
v . Final Report: American Petroleum Institutae,

Washington, D.C.
31) Norris, R.D. and R.H. Carlson, 1980. The Rol]

ing. SPE-AIME
Meeting, Dallas, TX, Saept. 21-24, 1980.

32) Yaniga, P.M. and W. Smith, 1984. jqujfer Restoration Via

-

o)
Proceedings of the NWWA/API Conferencs on Petroleum
Hydrocarbons and Organic Chemicals in Ground Water-Prevention,
Detaction and Restoration. Nov. S-7, 1984, Houston, TX.

33) Driscoll, F.G., 1986. Groundwater and Wells. Johnson
Division, St. Paul, Minnesota. pp. 246-252.

34) WwWilson, J.T. and B.H. Wilson, 1985. pBiotransformation of
. APPL ENVIRON MICROBIOL. 49: 242~

243.
35) Fogel, M.M., A.R. Taddeo and S. Fogel, 1986.

e -
Mixed culture. APPL ENVIRON MICROBIOL. 51: 720-724.

37) Borvath, R.S., 1972. ()
- BULL

ENVIRON CONT TOX. 7: 273-276.



38) Brunner, W., S.H. Sutherland and D.D. Focht, 198S.
e

o
. J ENVIRON QUAL.
14: 324-328.

39) Crawford, R.L. and W.W. Mohn, 1985. Microbiological

v
ENZYME MICROB TECHNOL. 7: 617-621.

40) Canter, L.W. and R.C. Knox, 1985. In-Situ Technologiaes.

In: ground Water Pollution control. Lewis, Chelsea, MI, p.
143.

41) Atlas, R.M. and R. Bartha, 198l1. HMjicrobial Ecology:

. Addison-Wesley Co., Reading,
MA, p 251.

42) Garba, C.P., 1985. Microbial Contamination in the
Subsurface. In: Ground Water Qualitvy. C.H. Ward, W. Giger
and P.L. McCarty, eds. John Wiley and Sons, New York, pp. 53-
67.

43) Matthess, G. and A. Pekdeger, 1985. Survival and Transport
of Pathogenic Bacteria and Viruses. 1In: Ground Water Quality.
C.H. Ward, W. Giger and P.L. McCarty, eds. John Wilay and
Sons, NY, pp 472-482.

44) Updegraff, D.M., 1982. Plugging apd Penetration of
Petroleum Reservoir Rock by Microorganismgs. Proceedings of
1982 International Conference on Microbial Enhancement of 0il
Recovery May 16-21, 1982, Shangri-La, Afton, Oklahonma.

45) Jenneman, G.E., M.J. McInerney and R.M. Knapp, 1985.
> q -

Sandstone. APPL ENVIRON MICROBIOL. 50:383-391.

46) Wilson, J.T., J.F. McNabb, D.L. Balkwill and W.C. Ghiorsa,
l983.
- . GROUND WATER 21: 134-142.

47) Balkwill, D.L. and W.C. Ghiorse, 1985. Characterjization of

c c eq w W
Oklahoma. APPL ENVIRON MICROBIOL. 50: S60-588.

48)Ghiorse, W.C. and D.L. Balkwill, 1985. Microbjiological
Characterization of Subgurface Environments. In: GROUND WATER
QUALITY. (C.H. Ward, W. Giger and P.L. McCarty eds.), John
Wiley & Sons, Inc., New York. pp536-536.

49) White, D.C., et al, 1985. PBlochemical Measures of the
Biomass. Community Structurae and Metabolic Activity of the

. In: GROUND WATER QUALITY. (C.H.
Ward, W. Giger and P.L. McCarty eds.) John Wiley & Sons, Inc.,
New York. pp. 307-329.



50) Ghiorse, W.C. and D.L. Balkwill, 1983. Epumeration and

Morphological cCharacterization of Bacteria Indigenous to
Subsurface Environments. DEV IND MICROBIOL. 24: 213-224.

51) Webster, J.J., G.J. Hampton, J.T. Wilson, W.C. Ghiorse and

F.R. Leach, 198S. o
. GROUND WATER. 23: 17-25.

52) Humenick, M.J., L. N. Bitton and C.F. Mattox, 1982.
. IN SITU. 6o 107-1250

$3) Godsey, E.M. and G.G. Ehrlich, 1978. Reconnaissance for
v
’

W
« J RES US GEOL SURVEY. 6:
829-836. ' )
54) Ventullo, R.M. and R.J. Larson, 1985. Matabolic Diversity
. ENV
TOXICAL CHEM. 4: 759-771.

$5) Ehrlich, G.G., E.M. Godsey, D.F. Goerlitz and M.F. Hult,
1983.

St. Iouis Park, Minnegota. BDEV IND HICROBIOL. 24: 235-245.

56) Ladd, T.X., R.M. Ventullo, P.M. Wallis and J.W. Costerton,
1982.
W

Populations. APPL ENVIRON MICROBIOL. 44: 321-329.

57) Harvey, R.W. D.L. Smith and L. Gaorge, 1984. Effact of

o)
. APPL
ENVIRON MICROBIOL. 48: 1197-1202.
$8) Wilson, J.T., M.J. Noonan and J.F. McNabb, 198S.
d . In: GROUND

WATER QUALITY, C.H. Ward, W. Giger and P.L. McCarty, eds. John

Wiley and Sons, Inc. New York. pp. 483-498.
59) Roberts, P.V., P.L. HcCarty, M. Reinhard and J. Schreiner,

1980. W
Recharga. J WATER POLLUT CONTROL FED. 52: 161-172.

60) Jamison, V.W., R.L. Raymond and J.0. Hudson, 197S.
= . DEV IND

MICROBIOL. 16: 305-312.

61) Raymond, R.L., V.W. Jamison and J.0. Hudson, 1977.
W

Beneficial stimulation of Bacterial Activity in Groundwaters
containing Petroleum Products. AIChE SYMP SER. 73(166): 390-

404.



62) Lee, M.D. and C.H. Ward, 1985. et

Restoration of Contaminated Aquifers. ENV TOXICAL CHEM. a4:
721-726.

63) Rogers, J.E., R.G. Riley, S.W. Li, M.L. O'Malley and B.L.
Thomas, 198S. bia a o]

groundwater. WAT AIR SQIL POLL. 24: 443-454.

64) Aulenbach D.B., N.L. Claescari and T.J. Tofflemira, 1975.
wWa eep
PROC OF AIChE CONF., May 4-8, 1975, Chicago, IL.

€5) Harvey, R.W., D.L. Smith and L. George, 1984. Effect of
o) c

Heterotrophic Uptake in a Cape Cod, Mass,, Aquifer. APPL
ENVIRON MICROBIOL. 48: 1197-1202.

66) Wood, P.R., R.F. Lang and I.L. Payan, 1985.
v A4

W In: GROUND WATER QUALITY, C.H.
Ward, W. Glger and P.L. HCCArty, eds. John Wiley and Sons,
Inc., New York. pp. 493-511.

67) Ward, T.E., 1985, e
\'4 e
TOX CHEM. 4: 727-737.

68) Ventullo, R.M. and R.J. Larson, 1985. Metabolic Diversity
and Activity of Heterotrophic Bacteria in Ground Water. ENV
TOXICAL CHEM. 4: 321-329.

69) Barcelona, M.J. and T.G. Naymik, 1984.

Dvnamics of a
Fertilizer Plume in Groundwater. ENVIRON SCI TECHNOL. 18:
257-261.

70) Idelovitch, E. and M. Michail, 1980. Treatment Effects and
Pollution Dangers of Secondary Effluent Percolation %o
Groundwater. PROG WAT TECH. 12: 949-966.

71) Preaul, H.C., 1966. Underaround Movement of Nitrogen.
ADVAN WATER POLLUT RES, PROC 3RD INT CONF. pp. 309-328.
72) Lind, A.M., 1975. Njitrate Reduction in the Subseil. PROC

INT ASSOC WATER POLLUT RES. Copenhagen, Aug. 18-20, 1975. 1:
14.

73) Olson, G.J., G.A. McFeters and K.L. Temple, 1981.
Qccurxence and Activity of Iron and Sulfur-oxidizing
Microorganisms in Alkaline cCoal Strip Mine Spojls. MICROB
ECOL. 7: 40-50.



74) van Beek, C.G.E.M. and D. van der Kooij, 1962. Sulfate-
t W

Shallow Wells in the Netherlands River Region. GROUND WATER.

20: 298-302.

75) Jacks, G., 1977. " var:"
. PROC 2ND INT SYMP WATER-ROCK INTERACT. Strasburg,

Aug. 17-25, 1977. I: 259-266.

76) Hvid-Hansen, N., 1951. - -
.  ACT PATHOL MICROBIOL SCAND.

29: 314-334.

77) Bastin, E.S., 1926.
of Sulfates. BULL AMER ASSOC PETROL GEOL. 10: 1270-1299.

78) Olson, G.S. W.S. Dockins, G.A. McFeters and W.P. Iverson,

1981. -
GEOMICROBIOL J. 2: 327-340.

79) Hallburg, R.O. and R. Martinell, 1976.
. GROUND WATER. 14: 88-93.

80) Belyaev, S.S. and M.V. Ivanov, 1983.
. ECOL BULL. 3%: 273-280.

81) Davis, J.B., 1967. PETROLEUM MICROBIOLOGY. Elsevier Pub.
Co., Ameterdar. p. 604.



TRANSPORT AND FATE

BIOTRANSFORMATION
PROCESSES
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Joseph M. Suflita
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MICROBIOLOGICAL PRINCIPLES
INFLUENCING THE BIORESTORATION OF
AQUIFERS

BY

Joseph M. Suflita, PhD.
Department of Bolany and Microbiology
The University of Oklahoma
Norman, Oklahoma 73019

Summary: The second seminar briefly considers various treatment options for the
clean-up of contaminated aquifers and shows how and why biorestoration techniques
fit into the myraid of pollutina mitigation tools. Attention is given to the typesof
considerations that must be made before an aquifer biorestoration strategy is
implemented in the field. The example of spilled gasoline in an aquifer is chosen to
help illustrate specifically how chemical, physical and microbiological principles
meld inlo an overall aquifer treatment strategy. Guidelines for the critical evaluation
of the claims for aquifer restoration are also given with specific suggestions for the
types of information that might be collected to bolster such claims. Particular
altention is also paid to /2 sslv biorestoration attempts that rely on the inoculation of
desirable microorganisms. Lastly, a perspective on biorelamation techniques is
provided through a consideration of the pratical limitations of the technology. This
then leads to the realization that properly considered, bioreclamation is not a panacea
for the many different types of subsurface pollution problems but should prove
valuable under specific sets of circumstances.
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Symptoms of
groundwater pollution

¢ Contaminated water well
- Odor, taste, free product
- Potontlal health risk

¢ Fumes
- Explosion risk
- Potentlal health risk

e Surface water contamination
- Oll seeps, color/odor, tish kills



Fate of a Contaminant

Environment Contaminant
Movement Rate Ground Water Flow | Amount of Material
Permeability Physical State
Solubility
Viscosity
Surface Tension
Retention Soil Type Solubility (Lack of)
Organic Content lonic Character
pH :
Redox Conditions Chemical Reactivity
Microbial Communities Biodegradability

Mechanisms Affecting Fate

* Movement
— Gravity
— Ground water motlon (vertical and horizontal)
— Dissolution
» Retention
— Sorption
-- Properties of contaminant
¢ Reaction
— Hydrolysis
— Precipitation
— Oxidation/reduction
— Biological transformation

These mechanisms controlled by chemical properties
of contaminant and subsurface environment

The fate of a contaminant is determined

by its

e Transport
¢ Reaction with the environment

Remediation is governed by the same

factors



Treatment Options

Transport
High Low

= Extraction In-Situ
2 9 and/or Degradation
% = Degradation
<
4 g Extraction Containment

9 _

Treatment options

¢ Containment - physical & hydrological

- Costly
- Can't guarantee longterm effactiveness
- Doesn't address problem

¢ Excavation

- Costly

- Transfers the problem

- Removes only limited material
(physical constraints)

Treatment options

¢ Pump & treat

- Low yoarly cost
- Long term commitment/maintenance
- Effoctivoness limited to dissolved

s Biorsclamation
- Short term/high cost
- Addres3es total groundwater problem
(adsorbed and dissolved)
- Definito end point/short treatmont



Containment

e |f it moves slow, it can be contained
* But, the contaminant persists
e Methods

— Slurry walls

— Clay caps

— Interceptor trenches
— Hydraulic barriers

Extraction

* Easily transported substances
¢ But, requires surface treatment
— Air stripping
— Carbon
— Reaction
— Discharge
* Methods

— Water
— Venting

Reaction

* Reactive species can be treated in situ

— Chemically - Oxidation, Reduction, Hydrolysis,
Polymerization
— Biologically - Degradation, Mineralization

* Treatment chemicals/nutrients must be transported
* Methods

— Chemical recilamation
— Enhanced bioreclamation



LOUIFER BEMEDIATION CONSIZERRTIONS
A. Type of Coantaminant
phases, solubdllity, susceptibliity to blodegradation
B. Pathways of Blodegradation
C. Site Characteristics
hydrotogy, geclogy, depth (o water tadle
0. Bemoval of Free Product
E. System Design
abouve or delow ground
F. Laboratory Investigation
evaiuation of blodegrudation
G. Operation of Blostimuletion
lad effort to design stimuletion, extrapolate to field
H. Monitor Progress

The ldeal Site

Homogeneous, Permeable Soil
Single Point Source

Low Groundwater Gradient
No Free Product

No Soil Contamination

Easily Degraded, Extracted or
Immobilized Contaminant

The Real Site

Sourca Zone

‘-1.«

-+ Solids, Viscous Liquids

Insoluble Liquids
-« { LOow Solubility Species
Adsorbent Species

b , i}?ﬂ%w&_ )?\,

‘L
;;O:* I

3

Light, Insoluble Liquids
~*— Soluble Species

_6_ e e LGt Insoluble Liquids_ T\ Water
Free Product - Table

Saturated Zone

* Groundwatef Flcwx sl Soluble Species

Dense, Insoluble Liquids

VI 11115 1111771717 711717771777




Hydrogeologic Variables That Impact
In-Situ Remediation

» Vadose Zone

— Thickness
— Permeability (Horizontal + Vertical)
— Geologic Complexity
— Organic Content
s Saturated Zone
— Type of Aquifer (Composition)
— Thickness of Shallow Aquifer
— Interconnection of Aquifers
— Location of Discharge Area
— Water Table Fluctuations
— Ground Water Flow Rate

Major Classes of Gasoline Components

Hydrocarbon Conroe, Colinga, Jenr_mipgs.
Class Texas California Louisiana
Alkanes 16.8 18.0 245
Cycloalkane 471 55.5 384

Aromatic 19.5 10.2 15.6



Metabolic Pathways

Alkane Degradation Path

CHa — (CH2)n — CH3 Alkane .
Terminal

+02.2H H Methy!

20 Group

CH3 — (CH2)n — CHZOH Alcohol * Oxidation

—2H
CH3 — (CH2)n — CHO Aldehyde
H20 \ -2H

CH3 — (CHg)n — COOH Fatty Acid

/
8-Oxidation

€Oz + H2O

Alicyclic Hydrocarbons

OH 0
(o] H -2H [o] 2H
0250 O
H H
Cyclohexane 20 Cyclohexanol Cyclohsxanone 0
o COOH

Gy

g-Caprolactone |
CH » CO2z + H20
| 2 B#-Oxidation 2+ 2

CHa
|
COCH

Adipic Acld




Aromatic Hydrocarbons

cis-Benzene Dihydrodiol Catechol
OH

Benzene
o. o H
OH
< Q& —CL,
H OH
(2
Meta /\sm
cHo " f\COOH
I o ox . COOH
2-Hydroxy~cis. Cis- cls, cis-Muconie Acid
Muconic Semisidehyde s 02

o COOH
COOH
B-Ketoadipic Acig

Mineralization
€Oz + H20

Hydrocarbon Remediation
Requirements

Alkanes
\ 02
Cycloalkanes / — CO3+H0

Mineralization

Aromatics

Microorganisms Need
¢ Nitrogen

* Phosphorus

s Sulfur .

* Trace elements

* Suitable environment




How does
bioreclamation
work?

Enhanced bioreclamation
Contaminated aquifer

Contaminated

Enhanced bioreclamation
Creating a reaction vessel

Recycled
ground

Enhanced bioreclamation
Creating a chemical environment

Recycled ZE3 Nutriont flow
ground Bloactivo area

water —& 221 Contaminant

Naow wator
tablo




Enhanced bioreclamation
rlanaging in situ biodegradation

Recycled O3 Nutrient flow
ground BX Bloactive area

water : BN Contaminant

Mew water
abl

Enhanced bioreclamation
Site remediation

Recycled Nutrient flow
ground 223 Bloactive area

water % Contaminant

New water




Bioreclamation Works Because:

e Hydrocarbon degrading microorganisms

are widely distributed

e Hydrocarbons are essentiaily natural

substrates

e Over 30 years of basic scientific
information

* Nutrient requirements for metabolism are

well understood

Carbon Adsorption

Clrculation Rate 50 gpm
Influent Conc. 80 ppm
(Initial)
Project Timing 10-20 yrs.
Project Costs ($K) 420-800
Construction 80
(Inc. Elect.)
Carbon Replac. (Annual) 15
Operator (Annual) 18

Enhanced Bioreclamation

Circulation Rate 50 gpm
Project Timing 8-10 Months
Project Costs ($K) 220-290
Design & Startup 50-75
Nutrients 90-112
Service & Equipment 70-88
Operator 10-15
Contominents trested by
Ao sitv Bloremedlotion

fi. Hydrocarbons
gasoline
minerotl oi!
oliphatic plasticizers
B. Solvents
methyl chioride
n-butenol
ecelone
ethytene glycol
Isopropenol
letrahgdmruran
chloroform
C. Other compounds
dimethyl onlline

100 gpm
40 ppm

10-20 yrs.
600-1000

15
25

100 gpm
4-5 Months
180-241
50-75
90-112
35-44
6-10



i 2-Bromobenzoote

How Characteristics Of Aquifers Where
Sloremediation Hes Been Tried
Pumping Rate
25-380 (L/min)

flow Rate
0.6 - 800 (m/y)

Hydrautic Conductivity
1075 - 1073 (cm/sec)

CRITICAL EVALURTION OF BIORESTORATION CLAIMS

Reduction in Substrate Concentration - Mass Balances
Increase In Blomass/Actlvity
Production of Catabolites
Consumption of Terminal Electron Acceptors
fidoptation / Acclimation Phenomena
Blodegradation Kinetlcs

T NTR

A 8 c

Second addition

1007 100 p——m——tltv

3-Jodo-
Benzocte benzoate

CH4 + C02

4-Amino-3,5+
dichloro-

CH,4+CO, benzoate

{

504 - -

’ 4-Amino-3- i

« chlorobenzoate -

- zo0te =

0 A T T Y 0+ (o} Tyt T T -0
o] 5 IS 20 25 30 0O 3 60 5 20 25 30

INCUBATION TIME (DAYS)

PRODUCT FORMATION (% THEORETICAL)



SUBSTRATE

COoo-
Br

Coo~

Br

C00~

Br

—pr ==
6- ___4-NHp-3,5-diCI-B2 m
’g ] 3,5-diCl-82 3-C1-82 1
< 54 J'{:s-l-ez
E J 3-Br-B2
S 4 3
é ADAPTATION PERIOD (DAYS)
b,
; 3] Ylexpr  3-80 3.1 3s-gict 4.-NHa-3384iCI 3-¢c1 3-F N
'<_t A 27 34 33 60-65 150+170 >i10
E 24 x| 8 21-24 28 29-35 37 125-148 > 368
0
@
> I
7
Z 04—
_] T T T RE T ¥ L T T
o) 40 80 120 160 200 240
TIME (DAYS)
7
Pt g —y—- - L4 r 3
ADAPTATION TIME \ 800 M 3-Ci-BZ . °
‘:: 6- & ,A;- A A *
¢
£ 54 }~ 800 M 3,5-diCI-BZ l
[o] q -Cl-
20 days s I~ 400 uM 3,5-4:C1-BZ 00ym3-ci-82
y é 44
5 3ge
a
= 2
o ] N 40 uM — 40 uM 3-CI-
@ N 3.5-dici-8z M 3-Ci-82
23-35 des » ' 20 uM
z 3,5-diC1-82 | 20uM 3-Ci-8Z
—j O L T L] - L] v b Ll T T T T
0 40 80 120 160 200 240
TIME (DAYS)

39 days



LN SUBSTRATE (micromolar)

ré
400pM 3-F-BZ
6" - * . L I -y
O. @
5- p
4 —— 400uM 4-NH,-3,5-diCl-BZ
3 = e A 2
20 pM 4-NH,-3,5-diCI-BZ
2 -
=
'\ZOpM 3-F-BZ
O L T T T T T T — . r .
0) 40 80 120 160 200 240
TIME (DAYS)

BEASONS FOR LAG PERIOD PRIOR 10 BIODEGRADATION
Requirement for bacterlal growth
Specific substrate concentration
Need to deplete competing substrates
Nutrient limitations
Need to exchange genetic material
Laboratory artifacts ?217?




SITE ADAPTATION PERIOD®

| 5 WKS
2 4-5 WKS
3 4-5WKS
4P 4-6 WKS
qa

average of 10 replicates
bstored sample (2yr); site 2

CAN BIODEGRADATION BE STIMULATED 7277
YES -- BUT.oovrvuee

REQUIRES AN UNDERSTANDING OF THE
FACTORS CONTROLLING THE

LAG AND ADAPTATION PERIODS



POSSIBLE STIMULATION APPROACHES
CROSS ACCLIMATION

ANALOG "ENRICHMENT"
OUERCOMING NUTRIENT LIMITATIONS
BIGMASS ENRICHMENT
OUVERCOMING ENUIRONMENTAL FACTORS
OTHERS...

SUBSTRATE TESTED | ADAPTATION| TIME(wk) for COMPLETE

for CROSS ~ TIME DEGRADATION In SEDIMENT
ADAPTATION {(WK) ADAPTED TO:
cQOo~ [of o T e nad
I .
8¢ (o] C
NHz
00~
3-8 2-3 2-3
(o]
Ny
00~
@ 05-4 | <I <l
Br '

© 32-40 | LAG LAG
cl



20t adepted trom, 1.-S. You end R.
Barthe 1962 fippl. Enuiron.
Mlcroblol. 44: 6°8-681

19

Evolution (*.)

“C°2
Q

Days
FIG. 1. Effect of aniline on the mineralization of
DCA (5 ug/g) in.s.oil. (A) 1.8 mg of aniline added per g;
(B) 0.4 mg of aniline added per g; (C) no aniline added.
(D)dpqnsogcd by HgCl,. Aniline additions to (A) were
made in three increments on days 0, 18, and
the total specified above. ’ and 37, up to

20t adepted from, 1.-S. You and R.
- Bartha 1962 Appl. Environ.
3: Microbiol. 44: 678-681
‘3 154 A
3
(o}
>
w0}
ON
O
x
=l
B

20 20
Days

F1G. 2. Effect of aniline on the mineralization of

humus-bound DCA in soil. HA-DCA complex (0.5

mg/g) containing 2.5 pg of bound DCA per g was

incubated with (A) and without (B) 1.4 mg of aniline

per g. Aniline was added in two increments on days 0

(0.4 mg) and 12 (1 mg).



o} from, J.T. Wilson and B.H. o
Witson. 1985 Appl. Environ.
Microblol. 49:242-243
ARemaining After Velatitization Alene
aof
e | _____ Y A
= .
[ ]
E
[ J
-4
g 20}
-
R
10p
Potsonsd with Aaide
o——o
\.
\. N
5.8 6.5 7.8 8.8

Pore VYolumes

FIG. 1. Removal of TCE during passage through unsaturated soil
exposed to an atmosphere of 0.6% methane (vol/vol) in air.

welected List Of Organic
2ubstances Subject To Co-Metabolism

ETHANE
PROPANE
3-CHLOROBENZOATE
2-FLUORO-4-NITROBENZOATE
o- or p-XYLENE
PYRROLIDONE
2,3,6-TRICHLOROBENZOATE
2,45-T
DDT



LOULDN'T $0U WANT A PRODUCT THAT:
SUBSTITUTES FOR FERTILIZER AND LIME
GET RID OF EHCESS HERBLCIDE RESIDUES
GIVES HIGHER GROWTH YIELDS
MAKES DEPLETED SOILS COME RLIUE
GIVES PLANTS AN UNEHPLAINED PROTECTION FROM DISEASES

SURUI

of

GIVES LUSTER TO GRAIN

ICROORGANIS

NOCULATE

INTQ SOIL

from Ketznelson, H. 1940a,b Soll scl 49: 21-31,283-293

Manured Soil

Manured and Limed Soll

ORGANISM  —=---mmomooomm- INCUBATION (DAYS)----=—-—---
0 45 100 o 45 100
NUMBERS PER GRAM DRY SOIL 10°
Panllilliumsp. 247 .7l 33.9 2.7 2.2
Aclinocycales
cellvlosae 8.4 0.1 0 1.6 0.04 O
Bacillus cereus 23.2 57.4 493 86.9 8.6 12.3
Psevdomonsgs
fluorescens 1428 0 0 175 14 0
Azotobacler
chroococcum 200 0,300*0 360 120 O

* reinoculated



PERCENT SURVIVAL
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LLog no. ofcells/g soil

SELECTED ABIOTIC FACTORS

MITING TH ulua

MICROORGANISMS

A) pH

B) Temperature
C) Salinity

D) Water

E) Pressure

R hizobium

japonicum

p

'/\’\*—_—‘S'Wile soil

¥

Non-sterile soil

I

I

STRAIN
123

\

T
0

0 20 30 40 50

8

/\\;m soil
6}—
4r Non-sterile soil
STRAIN
2[ s
T L

1 []
0 10 20 30 40 50

TIME (days)



» PHAGE

Log no.ofcells or plaques/q soil

+ STRAIN 123
/ - PHAGE
4%‘""\-.,/'" - oo -- - - - ---8CcONTROL
—,—— T —®STRAIN |23
» CONTROL
24
t )| I | | | 1 |
2 4 3 8 10 12 14
INCUBATION (days)
Microblal Populations In fnoculants
PRODUCT Microorganism  Cells / ml Cells/ g
Type Product Soil *
ALGAE 650 0.005
MEDINA BACTERIA 870 0.007
FUNGI 0 0
ALGRE 0 0
SUPERNRTE BACTERIA 6200 0.052
FUNGI 870 0.007

*calculation based on meximum recommended application rate



Microbiological Profile of a Soil Treated with Inoculants

Bacteria fctinomycetes Fungi
Treatment CK Litter CK Litter CK Litter

--------------- 10107/ g Soil-=--=mnm-mommmcmeee
Untreated 31 60 46 100 4 16
Medina 3 32 32 119 6 12
Supernate 39 39 40 100 4 10

EFFECT OF MICROBIAL INGCULANTS ON SOIL

RESPIRATION

SOIL

TRERTMENT CHECK PINE LITTER
------ mg €0, evolved------

Untreated 36 94

Medina 25 94

Supernate 27 97




HABITAT
AN AREA OF UNDEFINED S12E WITH A DEGREE OF

UNIFORMITY IN CHARACTERISTICS OF ECOLOGICAL
SIGNIFICANCE FOR AN ORGANISM. THE “AOORESS”
- OF AN ORGANISM

NICHE
A TERM USED TO DESIGNATE THE UNIQUE FUNCTIONS

OF AN ORGANISM IN ITS HABITAT. THE
*0CCUPATION® OF AN ORGANISM

COMMUNITY
THE ORGANISMS INHABITING A GIVEN HABITAT

ECOSYSTEM
THE COMMUNITY OF ORGANISMS IN A SPECIFIC
ENUIRONMENT AAND THE ABIOTIC SURROUNDINGS
WITH WHICH THE ORGANISMS RRE RSSOCIATED

HOMEQSTARSIS
THE CAPACITY FOR A COMMUNITY OF
MICROORGANISMS TO REMAIN QUALITATIVELY AND
QUANTITATIVELY STRBLE UNDER A UARIETY OF
BIOLOGICAL AND NONBIOLOGICAL STRESSES
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BIORESTORATION
IS NOT A PANACERA FOR ALL TYPES OF POLLUTANTS

NEEDS TO BE CONSIDERED RS ANOTHER PART OF THE
POLLUTION MITIGATION ARSENAL
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Microbiel Activity In Aquifers

Nlcrobial processes may be used to degrade contaminante
stisulsting the natlve microblal population.

1.

in gty by
Another ln gity biostimulaetion

34

technique which Is not yet demonstreted le the inoculstlon of the subsurfasce
with s microbisl population that has speclalized metsbolle capabiiities.

Kven in the presence of an Indigeneous population which ie ecclinmsted to the
orgenic contaminents, degradstlion may be limited at high contanminent
eoncentrations or by soms envitonmental factor. Additlon of electron
scceptors, such as oxygen, snd inorganic nutclents, typlecslly nitrogen,
phosphorus, end tcace metsle, may provide the miccroflors with esssntlal
nutrlients thet are llmiting in the presence of high concentcratlons of
pollutante. Inoculation of a specialized microbisl populstion may reduce
the time requicred for acclimation to the contaminents and/oc sllov the
renoval of recslcitrant contenlinants. Related processes such as the
sdditlon of bloemulsifiers or surfactants to Inccesse the avellsbllity of
subsurface contaminants to the miccoflors can also be used. When
spplicable, blological processes may offer the advaniage of pacrtlsl or
complete destruction of the contaminants rather than simply transfercing the
pollution to enather phase of the environment.

Technologles for blocestoration of polluted squifers have resulted from
cecent research indlcating that subsurfsce microorganisms exist, are
metabolically active and often nutritlonslly diverse. A review, publlished
by Dunlep and McMabb (1973) of the Robert 8. Kerr Environmental Resesrch
Laborstory, addressed subsucfece blologlcal ectivity In celation to ground
water pollution and Initieted most of the research in this ares . Before
publicatlon of the review, the concept of blologlcsl sctivity below the
rhizosphere hed not been widely received. Microblologlsts were skeptical
sbout blologlcal activity in the subsurface because of ollgotrophic
conditions below the rhizosphece (Leenhaer et sl., 1974) and an early study
which hed indlceted that mlcroblel numbecs decreased precipitously with
depth (Wekaman, 191¢).

Sampling Methods for Subsucrface Microbee--

A document that descridbed sampling methods for subsurfsce microorgenisas
was published in 1977, by the Enviconmental Protection Agency (Dunlasp et
sl., 1977). The method for procuring s representative ssmple of unconsolf-
dated subsucface 90i1 has since been modifled (Wilson et al., 1983). A soll
sample ls collected by first dellling a borehole to & desired depth with an
asuger snd then taking the sample with s cors bacrsl. Aftar ssmple
procurement, the coce le extruded through a sterile paring device that
removes the outer layer of soll that has come in contact with the coce
barrel. The remalning soll core ls thus uncontaninsted by the sampling
procedure and representative of the subaurface.

Investigations of microblal actlvity in the subsurface conducted prior
to the development of the sampling technlques were equivocsl becsuse of the
potentlasl for contaminatlion during sample procurement. In additlon, many of
the investigatlions were conducted ueing well weter instead of core
materisl. Recent evidence suggests that the majority of subsucface
mlcroocganisme are sssociated with soll particles (Harvey et al., 1984).
additlion, well water may contaln microorganisms thst aras artifects of the
well becsuse of subsurface contemination during well installatlon and
changes In water quallty around the well.

In
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Microblal Numbers in the Subsurface--

Nethods to enuserats the subsurface microflors slsc have been
developed. EKlectron microscopy, viable counts, epifluorescence mlcroscopy,
and messucenents of blochemlcal components have been used to estimate
microblal blomass (Chiorse snd Balkwill, 1985; Chlocse and Balkwill, 1983;
Wilson et al., 1983; Smith et sl., 1986; Stetzenbach et al., 1986; Soith et
el., 1985;: Balkwill and Ghiorse, 1985; Bone snd Balkwlll, 1986; Webster et
al., 1985; White et sl., 1983; Hoos and Schwelsfucrth, 1982; Ehclich et al.,
1983; Pederle ot al., 1986). In contrast to Waksman's study (1916) which
reported that microbial numbarse declined with depth, uniform population
levels around 108-10' celln/g dry soll, measured by spifluorescence
microscopy, were reported for profliles of uncontaminated shallow aquifers
(Chiorse and Salkwill, 1985; Webster ot al., 1985; Wilson st al., 1983;
Chlorse and Balkwill, 198); Balkwill snd Chiorse, 1985; Bone snd Balkwill,
1986). However, bacteria in a chalk aquifer (consolidated) were
sporadically distributed with depth (Towler et al., 1985)., Close
examination of the subsurface strats indlcates patchiness of, bdacterial
populations; samples froa the top of the unsaturated zone of an actesian
aquifer ylelded the highest counts wheress those from bedrock and conflning
layers yialded the lowast total counts (Beloin et al., 1986).

Microblal Ecology of the Subsurface--
Bacteria ace the predominant form of mlcroorganism observed In the
subsurface although s few higher life forms have been detected (Wilson et
al., 1983; Chiorse and Balkwill, 1985; White et al., 1983). Soms eucaryotle
forms which may be fungsl spores or yeast cells have been observed in the
upper 10 m of a soll profile (Chlorse and Balkwill, 1983; Hoos and
Schwelsfurth, 1982; Pederle et al., 1986). Bacterla, protozos, and fungl
have been detected in samples of ground weter collected from ons-year-old
wells (Hicsch and Rades-Rohkohl, 13983). In additlon, = slow-growing amoeba
has been isolated snd cultured from the ground water intecface of sn
uncontaminated soil (Balkwili snd Ghiorse, 198%; Beloln et al., 1986).

Netabolic Activity of the Subsurface Microblsl Coromunity- -

Orgenic matter that entecrs the uncontanminated subsucface is usually the
more refractory humie substances which reslot degradstion whlle percolating
through the blologically actlve soll zone. The organic materlal avallable
for metsbolism by the subsurface microflors is likely to be in low
concentration and difflcult to degrsde. The majority of microocganiems
present In such nutclent-poor environments sre generally oligotrophle.
Chacscterizstion of the subsurface alcroflors indicates that the bacteria
ace usually smaller (<1.0 ym ln size) than those 1ln sutrophlec
environments and both Cram positive and negatlve cell types are present
(Chiorse and Balkwill, 1983; Wilson et al., 1983; Ghiorse and Belkwill
1985). Cran positive forms predominate in many uncontaminsted solls. The
predominance of small, coccold cells and hence a lerge surface to volume
catlo for enhanced nutrient uptske, le = 1ikely mechanlsm for survival in an
ollgotrophic environment such as the uncontaninated subsurface (Wilson st
al., 1983). 1In contrast, subsurface soll contaminated with creosote wasts
was found to contain more blomass and a greater proportion of Cram negestive
to Gram positive mlcrobes when cowpared to uncontaminated soll from the same
site (Smith et al., 1985; Smith et al., 1986).
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Studies have slso indlcated ‘that many subsurfece microorganisms are
setabollcally sctive. Of the totql cell count, about 0.01 to SO percent cen
be recovered by plating on solld media end shout 1 to 10 percent exhibit
respicatory aclivity messured by the reductlion of 2-(p-lodophenyl)
-3-p-nitrophenyl)-5S-phenyl tetrazoliua chloride by cytochromes (Balkwill and
Ghlorse, 1985; Webstar et sl., 1985)., HMicroblal sctivity, measured by the
hydrolysis of fluoresceln diacetate, declined with depth in the unsstursted
zone of Ultlsols and Alfisule (Pederle ot a)., 1986); however,
2-(p--lodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrszolium chloride reduction
varied greatly betwaen otrasta of a soll proflle obtalned from s shallow
aquifer (Beloin et =l., 1986).

Heny subsurface mlercorgsnlsme are nutrltlonally dliverse (Table 2-3).
Simple substrates such as glucoss, glutamlic acid, srginlne, a mixture of
amino acids, and a aynthetic compound, nitrilotriscetlc scid, were
minerallzed In samples of uncontuminated ground water (Larson and Ventullo,
1983). Polsr solvents such as acetone, lsopropsnol, methsnol, ethanol, snd
tert-butsnol also have heen repurted to degrade serobjically by subsurface
microorganiems (Movak et al., 19R4; Jhaverl and Mazzacca, 1983). More
chellengling contemsinanis that are aerobically degraded by subsurface
alcroorganisme include the methylated benzenes, chlorinated benzenes (Xuhn
et al., 1985), chlorinated phenols (Suflits and Miller, 1985), snd methylens
chloride (Jhaverl and Mezzacca, 1983), Highly ltpophlflc coapounds such as
nsphthalene, methylnaphthalenes, dibenzofursn, fluorsne, snd phenanthrens
sre aleo blotransformed in the subsucrface (Wilson et al., 1985; Lee and
Ward, 1985).

The mlcroflors In some uncontaminated solls require iittle or no
acclimation period to degrade many xenoblotlcs. Por example, toluene,
chiorobenzene, and bromedichloromethane were blotransformed in
uncontaminated soll, but not 1,2 dichlocosthane, 1,1,2-trichloroethene,
trichlorosthylens, and tetrachlocroethylene (Wilson et al., 1983). Benzene,
tolueec and the xylene lsvomers were found to degrade in uncontaminated
subsurfsce solle (Barker and Patrlck, 1986). In sddition, methsnol (80-100
ppm) was degraded completely after two months, whaocaas tert-butangl degraded
nuch slover in two uncontsminated mnserobic squifers (Vhite et s1., 1386).

 ————— e —— e —_— - —— e ——. \—/-

In contrast to reports of degradstion of xenoblotics in uncontamlineted
s0ll, long periode of acclimation to subsurface pollutants may be required
before blodegradstion can occur, Wilson et al. (1985) ceported degradation
of naphthalene, }-methyl naphthalens, 2-methyl naphthalens, dlbenzofucen and
fluorene at 100-1000 ug/1 in subsurface soll In the plume of contaminatlon
from 8 creosote weste plt; however, degradation of theee compounds wae not
observed In uncontaminated soll from the ssme slte. The time and
concentration cequiced for scclimation of the microflocs to subsucrface
pollutants are unknown. Spein and Van Veld (1983) reported s threshold
concentration of 10 ppdb for adaptation to p-nitcophancl In samples of
sediment and nstural water. A better understendling of acclimatlon processes
may uxplain why gome chemlicals persist In the subsurface even though they

have been reported to degrade In lsbaratory cultures and semples of water
and soll.
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TABLE 2-3. OAGANIC COMPOUNDS THAT MAVE BESM SHOWN TO BE BIODEGRADABLE 1V
THE SUBSURFACEK

Soll from
Contaminated
Compound Ares Asrodle Refecence
Vltur-} Compounds no yeos Larson snd Ventullo,
glucose A
glutanic scid
srginine
Sl e - [} Jhaver! and
lcolon; yes ye Mazzaccs, 1983
sthano
1sopropanol
tert-butanol yos ‘yas Movak at al., 1984
* " .
mathanol .
.o 83
deonodichloromethane no yeoo Wilson et sl 19
Aronat et no yes Barker and Patrlek,
benzene Tons
xylene
t sl., 1985
methylsted bengenes yes yos Kuhn o
chlorinated benzenaes
Suflita sand Niller,
ehlorinated phenols ye? yeos s .
e yeso Wilson et al., 1985;
nnphthn:ono y Les snd Ward, 1?85
didvenzofursn
fluocene
phenanthrens
1., 1983
yeos Wilson et sl.,
toluens no
chlorobenzene

dstion-~

actors wWhich May Limit Blodegrs ;

l“v‘r:::::::;n:lnl factors may limit or preclude the zlo:o::::.::::“z.n.
sence of sde .

nic pollutants, even in the pre o
'UD':ri:i:n::‘:f coipound- Lh;u;ht to be blodegradsble mly‘r‘::::c::::l‘l‘y‘
of an ssentlal nutrient, substrate concentrstion, substrate e s
O‘d‘:h: presence of toxicants (Alexander, 197%). Transport o
n 3
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in the subsurface also affects blodegradation,
detall in Sectlon r1.P, ’

Blodegradation of many organic pollutants In the subsurfsce may be
limited by tneuffletent oxygen. Alexander (1980) repocted that sven the
metabollisa of carbohydrates msy be inhibited in oxygen-depletad
environments. Lee and Ward (1985) found that the rate and extent of
blotransformatlon of naphthalene, 2-methyl naphthalens, dlbenzofucran,
fluorene, snd phenanthrens were grester In oxygenated ground water than in
oxygen-deplated water. Contracy to guneral theory that complete degradation
{minerslizeation) of hydrocacbons requires molecular oxygen, more recent
research suggeste that alternate psthways exist under anascoble condlitions.
Kuhn et el. (1985) reported mineralization of xylenes in samples of river
slluviua under denltrlfying conditions. In sddltion, benzene, toluens, tha
xylenes, and other alkylbenzenes were metabolized in methancgenic river
siluvium that had been contaninsted with landfill leachate (Wilson and Rees,
1985); mineralizetion of toluene was conflrmed by adding 14¢-lebelled
toluene and meesuring the smount of 1‘002 produced, Grbic-Galic snd
Vogel (1986) slso reported minerallzation of toluene and benzene under
anserodbic condlitlons by a methanogenle consortium acclimsted to ferulate.
Purther tests indiceted that water supplied the oxygen that is ficrst
incorporated into the tolusne and benzene ring (Vogel snd Crbic-Galle, 198¢).

Teansport ls dlscussed {n

The presence of oxygen may inhiblt the blodegradstion of many
halogenaled alliphatlic compounds in the subsurfsce. Degradatlon of
trihalomathanes, trichliocosthylens, and tetrachlorosthylene 414 not occur im
serobic cultures of sewsga bactaria; howwver, the trihalomethanes were
degraded enaeroblcally by mixed cultures of methsnogens (Bouwer et al.,
1981). In edditlon, Bouwer and McCsrty (1983b) reported thst chloroform,
carbon tetrachloride and brominated trihalomethanes, but not chlorinated
benzenes, sthylbenzene, or naphthalene were blotranaformed under
denitcifying conditlions.

In additlon to oxygen, other nutrlents may limlt the blodegradation of
organic pollutants in the subsurface. Inorganic nulrients, such as nitrogen
and phosphorous, may be limitlng when the ratlos of carbon to nitrogen or
phosphorous exceed thet necessary for microblal processes. On the other
hend, the presence of sulfate may Inhibit methanoganic consoctlia that have
been reported to dehalogenate snd mineralize many chlorinated aromatic
compounds (Suflita snd Glbson, 1985; Sufllita mnd Miller, 198S).

The effect of substrate concentration on blodegredation of orgenle
compounds in surfece solls and waters has been documented (Alexander,
1935). Thresholds below which degradalion is slow or does not occur may
axist for compounds that sare readily blodegradable at higher
concentcatlons. Boethling and Alexander (1979) reported that less than 10
peccent of 2,4-dichlocophenoxyacetste at concentrations of 22 pg/ml and 2.2
ng/ml was mineralized in stresm water whereus about 80 percent was
alneralized at higher concentrations of 0.22 and 22 ug/ml. On the other
hand, microorganisme may be Inhibited or killed by high concenirations of
organic pollutants that result from {injection wells and hazrsrdous waste
sites. Lee (1986) reported that glucose mineralization wes inhibited in
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subsur{ace soll heavily contaminated with creosote; however, glucose was
minecallzed In uncontaminated and slightly conteminsted core material from

the same site.

Other fectors such as sorption, pH and temperatuce nay also affect
blodegredation of pollutants in the subsurface. Many of the orgsnlc
compounds contaainsting the subsurface are highly lipophilic. These
compounds are sorbed by soll more strongly than the more hydrophillc
conpo&nd- (Hutehins et al., 1985). Socption may enhance degradation by
concentrating nutrients or conversely, prevent dagradstion by rendering the
substrate unsvailsble to the nleroorgenism. Zobell (1943) ceported that
sorption of organie amatecisal to solld surfaces in dilute nutclent solutions
increased microbial respirstion., In contrest, Ogrsa et al. (1985) observed
that 2-4 dichlorophsnoxy scetlc acld sorbed to soll was completely protected
from microbial degradation. Therefors, sorption may de importent in
nutrient scavenging in uncontaminated squifers which are ganersally
oligotrophlc: however, sorption may compete with the mlcroflora for
subsurface pollutants thet are relatively hydcopheble.

The soll pH may sffect sorptlon of lonizable compounds in addltion to
1lmiting the types of mleroorganisas in the subsurface., Hethanogens, which
have been lapllcated in minecallzstion of some aromatic hydrocscbons, are
{nhiblted at pH values less than 6.0 (Alexander, 1977). Mitelflcatlon, ths
alccoblel conversion of smmonia te nitrate, is aleo limited at pH values
below 6.0 and is negligible below 5.0. Hanbrick et al. (1980) also repocted
that minerallzation of octsdecane and naphthalene in sediment was Easter at

s« pH of 8.0 then 5.0,

Temperature also influences microblal metabolism of subsucrface
pollutants. The temperature of the upper 10 m of the subsurface may very
seasonably; however, that between 9-18 m spproximates the mean alr
temperature (between 3 snd 25°C in the United States) of s partlcular reglon
(¥ckabb and Dunlap, 1975). Blodegradation of subsucfsce pollutants In the
more northermn climates may therefore be limlted by cooler temperastures.
Bartholomew and Pfaender (1983) reportad that the mlcroblal metabolisam of
m-cresol, nitrilotriscetle acid, and chlorinated benzenes in fresh water and
estuscine sress decreased as temperature decreased. Atlag (1975) and
Mulkine-Phillipe and Stewart (1974%) slso reported a dlirect rslationship
between petraleus hydrocarbon degradation and temperature,

In susmsry, the subsurface environment containg microbes that degrade
many of the organic compounds that contaminate ground water. The subsurface
mlcroorganisms in uncontaminated aquifers are 1ikely to be ollgotrophic.

The majority of the microorganisns are sssociated with soll particles. Bven
in the presence of sdapted populations, environzental factors such ss
temperature, pH. dissolved oxygen levels, tnorganic nutclent poncontrntlonu.
and the availabllity and concentration of the organic contasinants may 1imit
biodegrsdation of subsurface pollutants.
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2. plostimulstion by Addition of Limiting Nutclents

Developm
o ‘:rps;::.::‘f?o In Sltu Blostimutation Process with Oxygen Suppllied
Applicatjon of the depradative sctivi of gubsurfe feco
potentisl for blodegradstlion of organic céﬁ§35£dl in con::-:n::ogﬁs;gz?:rn
was first reported in 1971. Bacteris cepable of degrading hydrocerbons were
observed i{n en area contaminated with gasoline; however, blodegradation of
the gassoline wes limited by the availabllity of oxygen, mineral nutrient
and hydcocarbon surfeco srva (Williamo snd Wilder, 1971). willlams snd .
Wilder (1971) suggeated that thesde hydrocacbon-degreding bacteria could be
used to clean the squifer of resldusl gasoline; however, concern was
expressed that bscterla)l growth would plug the well and formation.  Davis et
sl. (1972) recommended cupplylng the Indlgenocus mleroflora with n;trlonta
oxygen, and molsture rsther than lnoculsting the subeurface with connorlc;l
blological products such as dried bacterial cultures. Oxygen-limited
degradation of hydrocarbons was reported by McKee et al. (1972) in studies
designed to investigate the fate of gasoline trapped in the pore spsce of
sand columns, Sevecsl specics of Pseudomonss and Arthrobacter were isolated
from ground wvaters sseoclated with s gseoline opill and usel ln the column
experiments, The total number of gasoline degrading bacteris in the ground
water numbered over 50,000 cella/ml In the contaminsted zone, but lass tha
200 cells/ml had been found in the uncontaminsted wolls and ;n wells vhoron
gasoline had not been detoctud for & yesr. The ‘presence of high numbers of
gasoline degreading bacterla was suggested se an Indlicatar of clesnup
progress. In the column study, the bactecrlia rapldly degraded the gasoline
in the zone of acration but slowly dograded that In the saturated zone In
s simllar study, Litchfleld and Clark (192)) snumerated hydraclrbon-do;rndln
bacteris in ground watecs (rom 12 sites which woere contaminated with '
pctrozou-. The numbers of hydrocarbon-degrading bacteris ranged from 103
to 10* colls/mi, with similac numbers of both saroble and mlercosarophilie
organisms, in ground waters containing more than 10 ppa hydrocnrbonp Hydro-
carbon-degrading bacterls were found In ground water from all 12 -i;cu-
however, on s site by site basis, there were no rolationships between ;h-
types of organiems, the type of petroleum contamination, the geologlcal
charactecistics, or Lhe geugraphical location of the ll;..

Application of the deugradative capacity of subsu
restaro gasoline-contaminated ground w:tor :.l first :::2:.::::::fg;n|'ﬂl *
Raymond, Jsmison, ludeon and coworkers st Suntech (Lee and Ward, 1983) In
1974, Raymond (1974) recelved a patent on a process designed to.runovc.
hydrocacbon contaminante from ground waters by stimulating the indigenous
microbial population with nutrients and oxygen. Oxygen and nutrients are
introduced into the formatlon through Injection wells and production wells
were used to circulate them through the squifer. Placement of the wells was
dependent on the area of contamination and the porosity of the formatlon
but usually no closer than 100 ft apart. The nutrlent amendment consllt; of
nitrogen, phosphorus, and other lnorganic salte, as required, at
concentrations of 0.005 to 0.02 percent by weight; oxygen vc; suppliod by
sparging alc into the ground water. The process was projected to require
about slx months to achiove degradation of 90 percont of the hydrocarbons Lf
the growth rate of the microocganisms was 0.02 g/L per day. The numbers of
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bacterinl cells were expected tu return to smbjent levele oncw the addition
of nutrlents wew terminated. The process was expucted to be morse efflclent
In tceeating ground water contaminated with lesa than 40 ppm of gaeollne.

ricat spplication of the biostimulatlon process--A pipe line lesk in
Ambler, Penusylvania was the first site where Raymond's patent on
biorestoration was demonstrated, An estimated 180,000 L of high octans
gasoline had leaked into s highly fractured dolomite outerop underlald by
quartzite (Raymond et sl., 1975). Depth to the water table ranged from 9.2
to 30.5 m In the 46 monitoring wells instslled st the site. Before
blorestoration was sttempted, conventional pump and treat technologles were
used as remedisl action. Contsinment of the gasoline was achleved by
continuously pumping water from wells located in the oplll sres. About
238,000 L of the gasoline was recovered by physleal methods; however, the
recovery program was incomplete and approximately 119,000 L of resldual
gesolina cemained. The concentratlion of diszsolved gasoline In the withdrewn
ground water averaged less than 5 ppm. The time required for restorstion of
the aquifer using this pump and trest technique was estinated to be more
than 100 years. .

Problems In analyzing the concentrstion of residusl hydrocarbons durlng
the pump snd treat phase were later sttributed to the presence of
hydrocarbon- degrading bacteria (Raymond et al., 1975). A progrsm deslgned
to Investigate the potential for blodegradation of the gasoline by these
organisss was then initlated., A lsboratory study {ndlcated that supplements
of alr, Inorganic nitrogen, and phosphate salts could increase the numbers
of hydrocarbon-degrading bacteria by one thousand-fold (Raymond et al.,
1976). Small scale fleld studies also indicated that nutrient sdditjons
would enhance the growth of bacterla that degrade hydrocacbons (Jamison et
sl., 1975). A full scale program to stimulate the blodegradatlion of the
gasoline In the squifer was then Inltlated (Raymond et al., 1976). The
nutclent amendment, which contained ammoniwa sulfate, dlsodium phosphate,
and monosodlum phosphate, was injocted Into the aquifer as e 30 percent
concentrate by batch addition. Elther ammonium or nitrate could serve as
the nitrogen soucce. HMagnosium, eslcium, snd iron were not {ncluded in the
concentrats because the small scale fleld study indictod that these
inorganlc nutrlents were not limiting (Jamison et al., 1975). Blodegrads-
tion of 1 Lliter of gasolino was estimated to require 44 g of nitrogen, 22 g
of phosphorus, and 730 g of oxygon. lNowever, Bashr and Corpeloglu (1985)
estimsted that degradation of a pound (0.63 liter) of gssoline requires
3.5 g of uxygen. Batch sddition of the nutrlents worked as well as
continuous additlon and wag more cost-effective; however, high concentra-
tlons of nutrients msy osmotically shock the microorganisme (Reymond et al.,
197¢). Oxygen was supplied by sparging air into the wells using paint
sgr-yar-typo compressocs snd Carboundum dlffusers with a flow cate of 0.06
nd/ain. As a result, the bacterial populatlion increused from about 102
to 107 calls/ml. High bacterisl counts microred locatlons of high
gasoline concentrations at the site (Rsymond ot sl., 1875).

During the blostimulation program at the Ambler, Pennsylvenis site, 32
cultucres of bactecia that actively metabolized gasoline were isolated and
charscterized; the lsolates includod specles of the genara Nocardla,
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Mlerocuccus, Aclnetubacter, Flevobacterium, snd Pseudomonas; some cultures
could not be identifled. Studles were conducted to determine the metabollic
capabllitlies of theoe isolates (Jamison et al., 1976). The data suggested
that the Nocardia cultures were largely responsible for the degradation of
the sliphatic hydcocarbons whereas thoss from the genus, Pseudomonss,
degraded the aromatics. B8ranched parsffins, oleflns, or cyclic alkenes dl4
not support the growth of any isolate. Cou-oxidation may have played s major
role in the blodegradation of Lheee organics. An aslternative hypothesis ls
that the bacterls capable of degrading theve compounds wers not isolsted.
The lsck of mlcroblal]l growth on some types of hydrocarbons may result from
the toxicity or structure of the subatrste. Straight chaln sliphstlice which
sre less than 10 carbons In length can be toxlc wheruwss longec chains and
brasnched s)kanes are often ceslstant to microblisl attack (Suflite, 1985).
Substltutions on aromstlcs thet sre blodegradable may render them recsl-
clteent. Huddleston et al. (1986) gave the following order focr petroleum
hydrocarbon constlituents, In arduc of decreasing blodegradability: llnesr
alkanes Cjg.19, Eases Cp_,, slkenes Cgq_g, branched slkenes C;,,

alkenes C3_y), branched alkenes, aromatles, snd cycloalkanes.

The bloreclamatlon program conducted by Suntech at Ambler, Pennaylvanias,
was reasonably succegsful. During the perlod of nutrlent addition, the
concentration of gasaline In the ground water did not decline; howaver
gesoline could not be detected in ground water 10 months later (Raymond et
sl., 1976). A thousand-fold Incresse in the numbers of totsl end
hydrocarbon-degrading bscteria was observed in ground water from many wells
(Raymond et al., 1875). The watacrs from some wells exhiblited fouming
because of high micrubla) numbers and associated exopolysaccharides. Counts
of mlcroorganisme determined one yeac sfter nutrient addition was terminated
indicated that Lhe microblal population had declined. Estimates based on
the amount of nlitrogen and phosphorus removed from the nutrient solution
suggested that between 88,600 and 112,400 L of gusoline wecre degraded.
However, this eotimate wes not particularly accurale because some of the
nutcients may hsve been sdsorbed by soll or lost from the blostimulation
srea by dilution. 1In sdditlon, Lhe vstimstee were based on discrete samples
cather than compasited samples. lsrge quantities of nutrients were used in
this project; approximately /9 metric tons of food grade resgents were
purchased.

Steps in the biostimulstiun process--The Anbler, Penneylvanlis slte case
history Is an example of the biostimulation process. The basic eteps
involved In an in situ blorestaration program are the following: 1) sailte
investigation; 2) free product recovecy; 3) mlcroblsl degradation
enhancement “study; 4) system design; 5) operation; snd 6) monitoring (Lee
and Ward, 1986). The first step in the process is to define the
hydrogeology and the extent of conteminstion of the site., [mportant
hydrogeologic characteristice include the dicection and rete of ground water
flow, the depths to the water table and to the contaminated zone, the
spaciflc yleld of the squifer, and the heterogeneity of the soil. In
sddition, hydraulic connections between aquifers, potential recharge and
discharge acuas, snd fluctustlons in the water tsble must be coneldered.

The sustslnable pumpling rste must eslso be determined (Roux, 1983; Bcown st
al., 1985s8). These parametecs can be determined by survaying the existing
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dats for that site and region, reconnaissance by axperlenced hydro-
geologlsts, geophysical sucveys, excavation of test plts, and installatlion
of borsholes and monltoring wells (Josephson, 1981). Low dissclved oxygen
concentrations may indicate an active zone of hydrozarbon bhiodegradation
(Chaffee and Welmer, 1883). The types and concentratlons of contaminsnte is
also important (Brown et al., 1985a). The type of remedlal actlon chosen
depends on the time elapsed rince the spill, the areal extent of
contamination, the nature of contaminants snd whether the contamination la
scute, chronle, or peclodic. The urgency for actlion and the trestment level
that must be achieved will depsnd on the potential for contaminstlon of
drinking water ot sgricultursl water wells.

Aftec detlnlng the site hydrogeclogy, the next etep ls recovery of free
product. Depending on the characteristice of the aquifer and contaminants,
fres praduct can account for ss much es 91 percent of the spllled
hydrocarbon (Brown et al., 1985s). The reasaining hydrocarbon, which le
sorbed to the soll and dissolved in the ground water, mey account for 9 to-
40 percent of the total hydroczrbon spiiled; the majority 1s usually sorbed,
however, the dissclved phase is the most difflicult to treat. The pure
product can be removed using techniques described in mectinne II B.2. an D.
Physical recovsry often sccounts for only 30 to 60 percent of the spilled
hydcrocarbon before ylelds decline (Yanlgs and Mulry, 1985).

Prior to in situ treatment, s labocstery study is conducted to determine
the nutrient requirements that will enabls the indlgenous microocganisms to
efficiently degrade the contaminants (Lee and Wacd, 1985b). Xaufman (1986)
suggestead that these laboratory studies can provide s rellsble busis for
fleld trials; howevar, the studles must be performed under conditlions thst
simulate the fleld. Por uxsample, Xuhlmeler and sunderlend (1986) conducted
a laboratory investigatlon of the unsaturated rone using semples satursted
with ground water. Clescly, the results of thelr study do not represent the
fate of the organics in the unsaturated zome. A chemical analysis of the
ground weter provides llttle information about the nutcient requirements of
the miccoflora (Raymond et al., 1978). However, the chemistry of the site
will affect the nutrient forsulation. For exsmple, large quantities of
oxygen may be convumed to oxidize reduced iron (Hallberg and Martlnell,
1976). In adéltion, nutrients may sorb onto solls, especlally silte snd
clays and be unavailable to the mlccoflora (Brubsker and Crockett, 1986).
Limestone snd high mineral content solls end ground waters will also affect
nutrient aveliability by reacting with the phosphorus.

Nutrient requirements are ususlly site specific. ¥itrogen and
phaosphorus were required at the Ambler slts (Raymond et al., 1976a)3
however, the addition of ammonium sulfate, mono-end dlsodlum phosphate,
rcagnesium sulfate, sodius carbonate, ealcium chlorlde, mangsnese sulfate,
and ferrous sulfate was requiced at othor sites (Raymond st al., 1978;
Kinugh et 2l., 1983). The form of the nutcient may also bs limportant;
ammoniun nitrate was less efficient than ssmonium sulfate in one aquifer
system,

Laboratocry studies conducted to detearmine appropriate nutrient
formulations can be performed using & nunber of tachniques. An lncresse in
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the nuaber of tolal end hydrdcarbon dograding bactecla has boen used to
ldentify limitlng nutcionts In s factorial exparimental design (Raymond st
al., 1976, 1878). However, an increass in microblal numbers does not
demonstcate that the substrate of intsrest is being used. Batch culture
technlques designed to messure the dlsappearance of the contaminent
(Flsthasn snd Cithens, 1985) and electrolytic resplrometer studles denigned
to measure ths uptake of oxygen also have been used (Flathman et al.,
1985). The results of another laboratocy invéstigation indicated thst
dissolved oxygan was the primary factor limiting blodegradstlon of aroeatlc
contaminants at s wood creosoting wite rather than lnorganic nutrlents (Lee,
1986). Blotrsnsformstion studive which messure the dlseppsarance of the
contaminants oc minsrsllzation studles which indicate the complete
destructlon of the compound to czrion dioxide and water will confirm thst
ths contaminants ere being degraded. Controls to detoct ablotice
teansformation of ths pollutants and tests to detect toxlec saffectz of the
contaminante on the microflors should be Included (Flathman et al., 198a),

A systes for Injectlon of nutclaenta Into the formatlion snd circulatien
through the contaminated portlon of the aquifer nust be designed and
constructed (Lee and Ward, 1935b). The system usually includes Injecticen
and productlion welles and equipment for the sdditlon snd mixing of the
nutrient solutlon {Raymnnd, 1978). A typlcsl system i shown in Figure
2-1. DPlacerment of Injection and proguction wells may bs restricted by the
presence of physical structures. Wells should be screened to accomaodate
seasonal fluctustions in the laevel of the water table. Alr can be supplied
with carborundum dlffusere (Raymond et al., 1975), by smaller diffusecs
constructed from a short pleca of DuPont Vieflo tubing (Raymond et sal.,
1978), or by Aiffusers spaced along alr lines burled In the injectlion lines
(Minugh et al., 1983)., The sitze of the compressor snd the number of
dlffusere are determined by the extent of contaminatlon and the time al)iowed
for treatment (Raymond, 19/8). Mutrlents alse c¢sn be circulated using sn
infiltcatlon gellery (Figuce 2-2); thils method provides an additional
adventage of treating the residual gasoline that may be trapped In the pore
spaces of the unsaturated zone (Brenosl and Brown, 1985). Oxygen also caan
be supplled using hydrogen peroxide, otone, or soll ventlng (see wection on
slternstive oxygen sources). Wel! Lnetallation should be performed under
the directlion of s hiydrogeologlst to snsure sdequate circulstlon of the
ground water (Lee and Ward, 1983b), Produced water cen be recycled to
recirculate unused nutriente, avold dleposal of potentlelly contamlnated
ground water, snd avold the need for makeup water.

Inorganic nutrlents can be sdded to the subsurface once the syetes is
constructed. Continuous Injection of the nutrient solution 1ls labor
intensive but provides s more constant nutrient supply than a discontinueus
process. Continuous sdditlon of oxygen le cecommonded because the oxygan is
likely to be & limlting factor In hydrocsrbon degradstion.

The parformance of the system and proper dietribution of the nutclents
can be monitored by messuring the organic, inorganic, snd bacterial levels
(Lee end Ward, 1985b), Carbon dioxide levels are also an Indlcator of
wicroblsl sctivity in the focmatlon (Jhaverl and Mazzaccs, 1985). Depending
on the charctoristice of the nutrients and soll, nutrients can be removed
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from solution by sorptlon onto soll (Brubsker and Crockett, 1986). About 90
percent of the ammonlum and phosphate and 70 peccent of the hydrogen
pecroxide edded to s sandy sol]l with low calcium, magnesium, and iron wae
recovered. After passage of a nutrient solutlon through s columa packed
with & ¢lay soll that hed high calcius and magnesium but low iron and
chloride levele, 100, ¢¢ and 235 percent of the ammonium, phosphate, snd
hydcogen peroxide wera recovered, respectively. lowever, after passage of a
nutrient solutlon through s column packed with a elsy soll high in calcium,
magneslus, and chloride, but low in iron, 75, 100;: and 15 percent of the
ammonium, phosphate, and hydrogen peroxide, respectively, were recovered.
Both soll and ground water samples should be collected and snalyzed to fully
svaluate the treatment effectiveness (Roux, 1985). Raymond et al. (1975)
reported that the most dlfficult problea in optimlzing microbial growth la
the Asbler reservolr was the distribution of nutrients, which was made
di(ficult by the hetarogeneity of the dolomits formatlion.

Additlons] csee hlgtories In which owyzen was supplied by air
--In gitu blorestoration has been largely umsed to treat gascline
spille and with ressonably good success. Howaver, many of the repocts on §n
2ity blorestorstlon lack sufflicient data to fully judge the overall
offectivensss and costs sssoclated with the process.

In s high permesbility sand squifer conteminated with hydrocarbons ia
Hillville, Mew Jersey, the in sltu blorestorstion program was successful ian
removing free product, but residus} hydcrocsrbon was found at the last
sampling period (Raymond et al., 1978). The nutcrlent solution was moved
through the focrmstion at cates of 8 to 14 ft/day, but diseolved oxygen was
rapidly consumed and did not increase in some of the main wells at all.
However, snalysis of core materisl collected from the squifer indlcated that
the concentration of gasoline had not changed substantially Guring the
blostisulation progras. During the initial trestment process, inadequate
dlssolved oxygen levels led to the mlcroblal formation of phenol, but the
phenol levels declined ss more aeroblc condltlions were achleved, A ten to
one thoussnd-fold incresse In the number of gasoline-utlliizing dacteria was
noted In the ares with the highest gasoline levels. The cleanup met the
state requirement of removal of the free gasoline and was subsequently
stopped.

At a gsesoline spil]l in La Grange, Ocregon, nine months of treatment by
in situ blorestorstion and a vapor eliminatlion program succeeded in removing
the fres product and mitigsting the vapor problems at two restaucsnts
(Minugh et al., 1983); however, the concentration of gasoline in the plts in
the blorestorstion treatment srea still ranged from 100 to 500 ppa in the
majority of the samples. After sn additional three months of treatment, the
dissolved 8rganic levels in the ground water had decreased from sn aversge
of 20 ppm to less than 5 ppm in the majority of the samples.

Pumer relensed from a pipeline spill of gasoline temporarily closed an
slementacy school (Suntech, 1978), A pumping well was used to maintein the
water table below the school’s foundatlion and physical recovery wes used to
ramove two-thirds of the gasolins. An enhanced blodegradation program was
Initiated by clreculsting nutrients and oxygen through the formstion for six
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months. After the clesnup, hydrocacbons could not be detected and the fumes
that had threatened the sclicol had been sliminastud.

Minjeum hydrocerbon concentratjons schjevable by in situ blostimulation-

The minleoum concentratlon of hydrocarbon that csn be achluved by in eltu
blorestorstion is unknown and ls most likely site epecific. A natursl
gradient (leld test in s sandy Canadlen squifer required 434 days to reduce
1,000 to 2,400 ppb of benzens, tolusne, and the xylens isomers to below the
detection 1imits (1 to 2 ppd) In the sbsence of sdded nutrients and oxygen
(Backer and Patrick, 1986). The dlestcibution of dissolved oxygon in the
plune was heterogensous snd probadbly controlled blodegradatlion of the
sromatics.

Jensen ot sl. (1984) suggested that the indlgenous microflura should be
able to reduce the concentration of hydrocarbons below 1 pg/L when the
Initisl hydcocarbon concentration is leas than 10 mg/L snd adequate
quantities of nutclents and uxygen are supplied. The cesulte of batch
experiments using ground water from hydrocarbun-conlaminated aquifers showed
that the native microflors could generally reduce the concentrations of
toluene, benzene, xylens, trissthyl benzene, naphthalene, methyl naphthalene,
biphenyl, ethyl naphthalens, and dimethyl naphthalens from a range of 400 to
1,100 yg/L to less than 1 ug/L within a week in the presence of oxygen
and nutrlents, howsver, phenunthrane snd toluene perslisted at higher
concentrastions In two of the ground waters sftec lncubation for slx days.

The conceuntration of trace level organlies in an squifer may be reduced
by providing a primary substrate that supports mlcroblal growth and allows
the organlsms to act upon the trace level organics as secondacy substrates
(Bouwer, 1984). The concentratlon of the trace orgsnic or secondary
substrate is thought to be below the minimum substrste concentration
(Spin) required to support microblial growth (Rittman and Kobayashi,

1982). The Spip concept was developed to describe limitatlons related to
teansport of organics into a biofilm and the subsequent ¥inetlcs of
reactlon. There sre several exaaples of Spin- A reactor fed laborstory
grode water containing 0.59 mg/L TOC wes able to reduce acetste dolow the
Smin Value (0.03 ng/L) for acetste. Shimp and Pfaonder (1983)

demonstreted that addition of fatty aclds, csrbohydcates and amino acide
enhanced the ability of mixed microbial populatlons to degrade substltuted
phenols. These dsta suggest that the addition of naturally occucring
substrastes may enhance the blodegradation potentlal of some xenoblotles.
However, the mdditlon of & primary subetrste may not eupport the removal of
soma compounds. A blofilm supported by thymine could utilize alanine and
acetste, both cosmon metabolites, but not phenol snd galactose (Rittman and
Xobaysshi, 1982).

Trestmant tralns--1n many hydrogeologic systems which become
contaminsted from leaking underground storags tanks, s remedistion procass
may be so0 complex in terms of contaminant behsvior aad site characterlstics
that no one system or unit will mest all requirements. Very often, it 1s
necessscy to combine several unit oparatioas, in serles and sometimes In
parallel, Into one treatment process train in order to effectively restore
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ground water quality to a required level (Wilson et al.
Lreetment Lealne Include: 3

. 1986). Examples of
(1) phyesical contalnment with product removal and surface treatment;
(2) product removal with unsatursted zone flushing followed by in sltu

chemical treatment; D
(3) physicel contalnment with in situ physlcal/chemical treatment; snd
(4) product removal followed by in situ blologlical treatment.

Physical contalument through barrlers and hydcrodynamic controls alone
merely act as temporsry plume control measures. However, hydrodynamlc
processes must also be Integral parte of any withdrawal and trestment or in
plty treatment measures. Most remedistion projects where enhanced
blorestorstion has been spplied have started by removing heavily
contaminated soils. This was ususlly follewsd by installing pumping systems
to remove free product floating on the ground water, before blorestorstion

enhancement sessures were inltlated to degrade the more diluted portions of
the plune.

There are numerous pcoven surfsce treatasnt processes svailabls for
treating a varlety of ocganic end inorgsnic wastewaters. However,
cegardlens of the source of ground watecr contaninstlon and the remedlattion
meassures snticipated, the limiting factor 1s getting the contaminated
subsurface meterial to the treatment unit or units, or in the case of in
gitu processes, getting the trestment process to the conteminated materisl.
The key to success ls a thorough understsnding of the hydrogeologic and
geochealcal characteristics of the ares. Such an understanding will permlt
full optimization of all possible remedial sctions, maximum predictability
of remadiatlion effectivenans, minimal remedlstion costs, and more ralisble
cost estimstes (Wileson et al., 196¢).

The role of blorestorstion in comblnation treatment schemes ls often
difflcult to sssess. Yanigs et sl. (1985a) described the cleanup of a
gasolline spill In which an alr stripper was used to reduce the contaminante
in the withdrasm ground water and to supply oxygen before the water was
recicculated to the aquifer via an infiltratlon gallery. Before
recirculation, ammonlum chlorlide, sodium monocphosphate, sodium diphosphate,
{ron sulfate, and manganese sulfate ware sdded in slug batches to the
treated water. Additional oxygen was supplied by sparging alr into the
welle. As a result, the dissolved oxygen incressed from a range of 0-5 to
5-10 ppa; the hydrocarbon degrading bacteria Incrsased from 104-103 to
103-10% cella/ml with Just oxygen additlon by alr stripping snd sparging
and then Incremsed to 10° celle/ml with nutcient additlon and additional
oxygen. Brown et al. (1985b) identifled another gasoline contemineted
squifer which was trested uning sic sparging. An estlmated 25,000 to 30,000
gsllons of gasoline entered a 20 ft thick coarse graln ssnd and fine gravel
aquifer. Recovery of free product accounted for 18,500 gallons of the
spilled gasoline; however, an eetimated 10,000 gallons was sorbed to the
soll st concentratlons of 2,000 to 3,000 ppm and 30 to 40 ppm was diseolved
in‘the ground watecr, The concentratlon of gasoline was reduced to less than
50 ppm In the soll and leas then 1 ppa in the ground water by alr sparging.
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Only 1 to 2 ppa of dlesolved oxygen could de schieved in the wells by alr
spacging.

& spill of four eolvents--methylene chloride, n-butanol, scetons, snd
dimethyl aniline--into a glacial till aquifer was withdrewn and trested by
an sctivated sludge process, allowed to settle, and then recharged into the
subsurface through injection trenches after belng serated snd amended with
nutrients (Jhavecl snd Mazzacca, 1983). The recharge water contained
organlsas acclimated to the solvents in sddition to s nutrlent amendment
containing nitrogen, phosphate, magnesium, sulfate, carbonate, manganese,
and lron, Additlonal oxygen was supplled to the aquifer using a series of
injection wells. Removal efficiencles of methylene chlocide, n-butanol, snd
acetons were greater than 97 pecrcent and the dimethyl aniline levels were
reduced by grester than 9) percent in the sbove ground trestment. The
concentrations of the solvents in the resulting effluent decreased to 0.04
ng/L for n-butanol, 0.92 mg/L for methylene chloride, 0.18 mg/L for dimethyl
aniline, and 1.12 mg/L for acetone from inltlal concentrations of 19.1,
58.5, 2.9, snd 38,8 ug/L, respectively, Based upon COD and gas
chromatography analysis, the plume was reduced in size by 90 percent after
thres years of operation (Jhaveri and Msxraces, 19835). The COD was reduced
from 300 to 20 mg/L in one monitoring ucll._ Bassd on the rate of ground
wvater flow, this reduetlion in COD coinclded with the axpectsd arcival time
of Lhe trested ground water at that well. Elevated levels of carbon dloxide
in ground water ctollected from the treatment zones, In comparison to those
observed In uncontaminated and decontaminsted wells, suggested that §n situ
blorestoration was occurring, However, the solvents were detected in the
ground wvater beyond tho projected date for coapletion of the project and the
Mew Jersey Department of Environsental Protectlion standacrds had not baeen
schieved after three yesars of operatlon.

Flathaan et al. (1985) and Quince et al. (1985) dlecussed clesnup of a
methylene chloride splll using physical end blologlecal sbove-ground
treatment processes and in situ dlologleal trestment. Tollowing send
filtration to remove particulstes, sir stripping, combined with a hest
exchanger to improve stripping effliclency, was initlally used to treat the
withdrawn ground water and the weter was used to flush the soll (Quince ot
sl., 1985). Alr stripping removed about 98 to 99.9 percent of the smethylene
chloride in the withdrawn water. Ths concentratlon of methylens chlocrlde in
the ground water was reduced by 97 percent In one downstream monitoring
well. Blological trestment was used to further reduce the concentratlion of
the methylene chloride after sddition of ammonia and phosphate. An
sctivated sludge unit was seeded with acclimated organisms from & wastewater
treatmont plant recelving methylene chlorlde and these orgsnisms wers used
to inoculate the soil (Flethman et al. 1985). After 4) days of §n sltu
blologlcsl troatment, the concentration of methylene chloride in ground
water from s monitoring well 20 ft from the spill declined from 192 to ¢ ppm
and 15¢ ppm chloride was released; howsver, it coutd not be determined
whether the added bacteria or Indigenous microflora or both were involved in
nathylene chlorlide degradstion. Both air stripping and biologleal trestment
removed 99.9 percent of the initial amount of methylene chloride present
during the four months of fleld operstion. The concentrstion of methylens
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Winsgardner and Quince (1984) documented two additional cmoe histories
of in situ dlorestoretion that Involved sdditlon of acclimated bacterla.
The flcst case history described the rlesnup of e traln derallment which
celensed a sewmi-soludle aliphatic hydrocarbon plasticlzer. Recovery wells
ware used to collect the plasticlizer from the subsurfsce. Later, surface
recharge and shallow injection were used to flush the plasticlzer out of the
s0il; this treatment reducsd the pesk concentratlion of greater than 2,000
Pp® In & widespread area to o much smaller zone after 70 days, in addition
to reducing the concentration of the plasticlzer throughout the contaminated
acea. Alr stripping and csrbon adsorptlion were usod initlclly; however,
these techniques were replaced by blological treatment using actlivated
sludge. The water treated by activated sludge was used as an Ilnoculant to
introduce the acclimated bacterla into the subsurface to enhance in situ
dbiorestoration. The concentration of the plasticirer In the recovered water
was reduced from spproximately 1,700 to 400 ppm aftor clarificatlon;

howaver, the lzportance of each component in the tresatment process could not
Qe detsrmined.

The second case hlstory involved contamination of s glacisl kame deposit
of sand, gravel, silt, and clay with chloroform (rom a lesaking pipeline.
Cround water was withdrawm and trested with s mixed media prefilter, an
asctivated s'udge bioresctor and settling vessel, and a hested sir stripper.
The effluent from the activated sludge bloreactor was used as an inoculant
for biorestoration, The effluent from the alr strippor was discharged inteo
a process sewer or into the subgurface. A forced flushing/recovery system
was used to enhance the recovery of the chloroform. 8lologlcal trestment

followed the physical recovery; however, treatment affsectivenass was not
discussed.

Summary of Aeroble In $ltu Blostimulation Processes--

There are s number of advantages and dissdvantages in using in situ
blorestoration (Tsble 2-4), Compounds ranging from petroleum hydrocarbons
to solvents have been treated by in situ blorestoration (Teble 2-5). Unlike
man; squifer remedistion technlques, in situ bloreclamation can often treat
contaminants that sre sorbed to soll or trapped in pore spaces. 1In additien
to treatment of the ssturated zone, aorganics held i{n the unsaturated and
caplllary zone can be trealed when an infiltration gallery or soll flushing

Blodegradation in the subsurface can be enhanced by increasing the

concentration of dissolved oxygen, through the use of hydrogen peroxide,
ozone, or & tolloldal dispersion of air (colloldal gas asphrons). Complete
blodegradation (mineralization) of orgunic compounda usually produces carbon
dioxlde, water, and an increase In cell mass, However, incomplets degrada-
tion (blotransformation) of ocganic materials can produce byproducts that
are more toxle than the parent molecule. An example of blotrsnsformation s
the degradstion of lsopropanol to acetone at & hazardous weste site
described by Flathman and Cithene (1985). The lavels of acetone fncreased
Initially, but declined aftec most of the lsopropsnol was removed. In situ
blorestoration msy rely on the blodegradation potentlal of the indigenous
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TABLE 2-4. ADVANTAGES AND DISADVANTAGES OF BIORESTORATIOW

(3. R. B. Associates, 1982; Yang and Bye, 1979)

Advantages

Can be used to treat hydrocarbons and certaln organic compounds,
especially water-yoluble pollutants and low levels of other
compounds that would be difficult to remove by othar mathods

tnvironmentally sound becsuse it does not ususlly generate waste
producls and typically results in complete degradation of the
contaminants

Utilizes the indigenous mlcrodlial flora and doss not Introduce
potentially harmful ocrganisnme

Fast, safe and generally economlicel

Trestment moves with the ground water

Cood fqr short-term treatment of organic contaminated ground water

Dissdvantages ’

Can be inhibited by heavy metals and some orgenics

Bacterla can plug the soll and reduce circulation

Introduction of nutrients could adversely affect nearby surface watecs

Residues may cause taste and odor problems

Labor and maintenance cequlicesents may be high, especially for 1nng
term treatment

Long term affects are unknown

May nol work for aquifers with low permesbilitles that do not permit

sdequate clrculatlion of putrlontl
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TABLE 2-5.

CONTAMINANTS THEATED BY IM SITU BIOSTIMULATIOM

Contaminants Trestment Description References
high octane alr sparging with nitrogen Raymond et al., 1973
gasoline and phosphorus sddlition Raymond et al., 1925
Jamlson et al., 1925
Jamleon et al., 197¢
gesoline alr sparging with complete Raymond et al., 1978
aix of inorganics
gasolline ale sparging with additlon of Minugh et al., 1983
conplete lnorgenic nutclent
solution
gasoline alr sparging and addition of Suntech, 1978
nutclents
gasoline dlssolved oxygen supplied by Yaniga et sl., 198358
an air stripper and sparging; Yanigs et ol., 19850
nutcients aleo added
gasoline dissolved oxygen supplled by Brown et al., 1985b
an alr stripper
gasoline hydrogen peroxide plus Yanigs and Mulry,
nutrients 1984
gasoline initisl treatmeni utllized alr Yenlga, 1982

unleaded gasoline

alneral oll
hydrocarbons

gasoline

steipping; hydrogen peroxide
used later with the nutrient
forsulation

hydrogen peroxide supplled
the oxygen

withdrawn water treated with
orone and reinflltrated

soll ventlng used to supply

oxygen to unsaturated zone

(Continued)

[}}

Brown et al., 1985b
Yanlgs ot o)., 1985

Brown and Norrls,

1986

Nagel ot al., 1982

Kuhlmeler and
Sunderlsnd, 1964



TABLE 2..5. (Continued)

Contasinants Treatment Descciption References

Brown et al., 1985b

Westray o} al., 1985

Brenocel and Brown,
1985

waste solvents nutrients plus hydrogen
and alkanes peroxide

Brown et al., 1986

Jhaverl and
Hazrzaccs, 1983

Jhaverl and and
Hszzacca, 1985

withdcawval and treatment by
n-butsnol, an activated sludge process
dimethyl aniline, and recharge of sersted
acetone nutrient-laden water.

wethyl chlorlde,

Quince, ot al., 19835

withdcawsl and tcontncgt with
S laeiae Flathman et al., 1985

chloride alc stripping followed later
by trealment in an sctivated
sludge unit and recharge

trestment following withdcawsl Plathman et sl., 1965
with ethylene-degrading Plathnan and Caplsan,
bacterlia and nutrients and 1985

then cecharge

ethylene glycol

{sopropanol and tceatment in an above ground Plathman and Clthens,

tetrahydrofuran reactor with addition of 1985
scclimated microbes to the
squifer along with nutrlents
sliphatic activated sludge and cechacge Uinegardner and
hydcocacrbon of acclimated bacterls and Quince, 1984
plasticlizer nutclents
ehloroform sctivated sludge dloreactor Winegardner and

with the bacterlia innoculated Quince, 1984

into the subdbsurface

subsurface mleroflora which ususlly contsins few pathogenic organlsms unless
the aquifer has been contaalnated with wastewaters (Xeswick, 1984). The
time required to treat subsucrface pollution using in situ blorestoratlon can
often be faster Lhan some withdrawsl and treatment procedures. A gasollns
spill in Anbler, Pennsylvanis, was remediated in 18 monthe using in sity
biorestoration whereas pump snd treat technlques were estimated to cequire
100 years to reduce the concentrations of gascline to potsble levels
(Raymond et sl,, 1976). In situ blorestoration cen also cost le9ss than
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other remedial options. Flathman snd Githens (1985) estimated that the cost
of In situ blocestoration would be dne-flfth of that for excavatlion and
dinpossl of soll contamlnated wlth isopropanol and tetrahydrofursn and ln
addition would provide sn ultimate dlsposal solutlon. The sceal zons of
trestment using blorestoration can be larger than othec remedlal
technologlies bacause the treatment moves with the plume and can reach sreas
which are otherwise inaccessible.

There ace slso disadvantages to in situ biorestoratlon programs. Msny
organic compounds in the subsurface ars resistant to degraedation. In sttu
blorestocation requires sn acclimated population; however, adapted
populations may not develop for recent splils or recalcitcant compounds .
Heavy metals and toxic concentrations of organlcs may inhivit sicrodbial
activity snd preclude the use of the iIndigenous microflora for in situ
blorestorstion st some sites. One optlon in this instence would be to
remove the inhibitory substances and then seed the subsurface with
appropriately adapted microorganisms; however, the beneflts to adding

_ mleroorganisms to the subsurface are still undemonstrated. The formation

and injection wells may clog from profuse microbial growth which results
from the addition of oxygen and nutrients. In one blostimulation project,
microblal growth produced foamlng in the well casings (Raymond et al.,
1976a). In addition, the hydrodynamleas of the restoration program must be
properly mansged. The nutrients added sust be contained withlin the
treatmenl zone because the profusion of inorganlcs into untargeted sreas can
result in eutcophlication. Ilgh concentrations of nitrate can cender ground
water unpotable., Metabolites of partiasl degradstion of ocganlc compounds
may {mpart objectionable tsstes snd odors. FPor example, the incomplete
degradation of gasollne under low diseolved oxygen conditlons resulted in
phenol productlon; phencl was then degraded when more seroblc conditions
were schleved (Raymond st al., 1978). Blostlasulatlon projects require
continuous monltoring and msintenance for euccessful treatment; whether
these requirements are greater than those for othec remedial sctions is
debatable. The process results in lncreased mlcrobisl blomass which could
decompose and relesse undesirable metadolites. In addition, microbial
growth can exert an oxygen demand that may drive the system snaeroble and
tesult In the production of hydrogen sulflde or other objectionsdble
byproducts. The long term effects of blorestorstion are unknown. In sltu
blorastoration is difficult to lmplement in low permeabllity squifere in
which perfusion of nutrlents and oxygen is slow or negligible; however, many
in situ physical and chemlcal remedistion processes are subject to the same
restrictions. The success of in sity trestment achemes in low permesblility
squifers depends on transporting the nutrients to the mlcroflors or the
active agent Lo the contaminents. The process has been used In different
hydrogeologicalvformations (Table 2-6).

Potential problems for sny aquifer restorstion program include
reversible adsorption of the contaminants, poor delineatlon of the plunme,
inadequate sizing of the recovery system, pollution st depth, high costs,
treating and dlsposing of large amounts of pollutants, constraints on ground
water pumping, access to the contaminated ares, snd subdbstantlial quantities
of pollutants in the vadose zone (Schaldt, 1983). To decrease the expense
of an squifer cleanup, Nyer (1985) advocsted a pollcy of 1life cycle design
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TABLE 2-6. TYPES OF AQUIFERS WHERR }¥ $ITU BIOSTINULATION HAS BERN UTILIZED

Aquifer Dwscription

flow Chersctecistice

Reforence

high perwasdllity
dolomite

medium to cosrse sand

slluvial fan deposlit of
-nndﬂ gravel, end cobdbles
vith some clay and silt

puorly torted mixture
of bou)lders, pesbbles,
cobbles, sand, wilt and
clay

perched water table in
unstratiflied, unsorted
layer of clay, silts,
sands, gravels, and
cobbles above a clay
layer

tank vault filled with
pea gravel surrounded
by sand and sandy clay
strate

glacial outwash composed
of silt, sand, and
gravel

coarse sands and gravel

shale and siltatone

coarse sand with grester
than 5% gravel

pumping rate of 26S
to 178 L/ain

pumping cete of ¢S5
to 151 L/min

flow of 2.4 m/day

hydraulic conductivity
of 9.4x10°3 to
1.1x10-3ca/sec

pumping rate of 18 to
to 57 L/min

flow rate in excess
100 m/ye

pumping rate of 151
L/min

hydrasulle conductivity
of 8.8x104 to
1.5x10"3ca’/nee

hydraullec conductivity
of 2.1 ew/sec

pumping rste of 68 L/ain

gradient of 0.015 to
0.02 m/a; flow of 0.61
to 0.91 m/yr

Raymond et al., 197¢
Raymond et al., 197§
Jamison et al., 1975
Jamison et al,, 197¢

Raymond et sl., 1986

Hinugh et al., 19083

Jhaver) and Maxzsces,
1983

Jhaverl snd Mazzscces,
1985

Quince ot al,, 1985
Flathman et al,, 1985

Westray ot sl., 198S

Brown et al., 1985b

Brencel snd Brown,
1585

Brown and Norrie, 1984

Nagel ot sl., 1982

Browm et al., 1985b
Ysniga ot al., 19082
Yanliga et al,, 1985

Yanigs and Mulry, 1984

glaclial til]l coapomed of
sand, gravel, and boulders
in a sllty clay matelx
connected to a fractured
sandstone

shallow basin containing
sand and pes gravel

flow of 27 to I8 L/aln

Yaniga et al., 1985d

Flathasn and Githens,
1985

for remedliel actlions in which some of the equipment could be tecycled and
used st other sites. An example of Lhis system was proposed to remediste
conteminated ground weter from a Gulf Coest hazardous waste site. The
ground water contsined high concentrations of phenol snd enough dissolved
solide (15,000 mg/L) to be consldecead o brine. The treatment systenm
conslsted of two activated sludge unite, a fixed fllm-sctiveted sludge unit,
s dusl medls fliter, and a cerbon adsorption column. The components of the
treatment system could be easlly changed to accomodate the change in
concentration of the contaminants during the clesn up procass,

Potentisl for Anssroblc Processes--

ns de n hw he_subsurfece--Anserobic processas
sre important In the subsurface environment becsuse oxygen may de depleted
in contaminated squifecs as a cesult of seroblc microblsl activity. However,
Jow levels of oxygen will support some miccobial sctivity. Once the
dlesolved oxygen content in ground water decllines as a result of microbisl
sctivity, replacement depends on rechsrge, reascstion from soil gases, and
sixture with oxygensted watecs surcounding the organic plume (Borden and
Bedient, 1986; Bocden et al., 1986).

Degreadatlion of & varlety of compounde under snaerobic conditions has
been deacnstrated to occur in squifers snd laboratory experiments using
subsurfece materials. Howvever, anasroblosis may retard the degcadation of
many compounds (Hutchine et sl., 1985). The sequence of microblal processes
that occur es environmentsl conditlons change from aerobic to snsecodblc In
the subsurfece usually follows the pattern of serobic respiration,
denitriflcation, manganess snd iron reduction, sulfate reductlon, and
finelly msthane formatlon (Bouwer, 1985; Downes, 1985). Net energy
production deccreases as the redox potential decreases (Downes, 1985).
Bouwer snd HcCarty (19838;1983h) demonstrated differences in the degradation
of organic compounds under different redox potentlials; chloroform and
1,1,1-trichlocosthylene were degraded by methanogenic, but not denitcifying
bacteria. Khrlich et al, (1982; 198)) creported the degradation of
phenollcs, but not polynuclesr aromatics such as naphthalene, under
methanogenic conditione. Recently Kuhn et al. (1985) documented removal of
tetrachlocroethylene, the xylene lsomere, and dichlorobonzene isomers under
denitcrifylng conditions. Wilson and Rees (1985) showed that degradation of
benzene, ethylbenzens, toluene, snd o-xylene occurred in methsnogenic
squifer matecisl from s landfill, although the prucess was slow compared to
serobic pathways. The concentration of toluene had besn reduced by 87
pecrcont after rnix weeks, however, more than 20 percent of the benzens,
ethyldbenzens, and o-xylene sdded to the microcosms pscrsisted beyond 40
weeks. 1In the same study, trlichloroethylene and styrene degraded under
snserobic conditlons, wheress chlorobenzene persisted. Suflita and Cibson
(1985) reported that 13 of 19 halogenated lsomers of benzoate, phenol, and
phenoxyecetate pecrsisted at concentratlions greater than 90 parcent of that
initislly added to subsurface materials collected from s sulfate-ceducing
zone; however, only J,4-dichlorobenzene remalned at concentrations greater
then 3 percent of that ocriginally added to methsnogenlic samples collected
downgredient of the sulfate reducing zone. Maximal numbecs of
sulfate-reducing and methanogenic bactecls are found at redox potentials of
=100 to -150 and ~250 to -350 mV, respectively (Van Engers, 1978).
Halogenated sliphatics such as trichloroethylsne, tetrachloroethylene,
carbon tetrachloride, and 1,1,)-trichloroethens can be minerallzed or
dehalogenated under reducling conditions (Psrsons et sl., 1985) to
potentlally more tdxic compounds such ss vinyl chloride (Vogel and McCacty,
1983; VWood et al., 1983),

69



Anserobje processes in in situ bigstimilstion--Anseroble processes nay
be of potentisl use in in situ blorestoration processes. The redox

potentisl would be selectlvely adjusted to favor the degradation of a
particular contaainant. In additlon to sdjusting the redox potential, the
pH of the ground water could be sdjusted to the neutral or slksline
conditions required for sulfate reductlon, methanogenasis, and ususlly
deniteiflcation. Anaeroble degradation of ocganic compounds would probadly
require less inorganic nutrient supplementation becsuse less energy and
therefors blomass is produced (Rittman and Kobayshi, 1982). Batternman
{1983) sdded nitrate to ground water contaminated with hydrocarbons in en
sttecpt to promote denitrification. The contaminated squifer consisted of
an 8 to 10 meter thick leyer of ssnd which contained some siit snd clay beds
and a ground watec flow of 4 m/day. The water was withdrawn from s deepec
uncontaalnated aquifer, sersted, passad through & sand fllter, snd amended
with nitcste at 300 mg/L before being recharged to the shallow aquifer.
Phosphate was not added becsuse it was not limiting. The authors suggested
that anseroble degradatlon accountsd for the removsl of 7.5 tons of
hydrocacbon within a period of 120 days. Removal of 1 mg of the hydrocacbon
required 3.3 ng of nitcate (Batterman and Werner, 1984). The cuncentratlon
of sliphatice declined slowly from 1.5 to about 0.7 mg/L whereas the total
acomatics declined from 5.5 mg/L down to about 1.5 mg/L in approximately one
yesr. The crate of decline in the concentration of xylens was much slowec
than that of benzens and tolusne. Water was Injected during the test which
resulted In a cise In the level of the hydcocarbons ag well as the watec
table into the unsaturated zonc. There was sn oversll 40 percent reductlon
in the concentratlon of hydrocarbon as & result of the trestsent proceds.
Insufficlent Information was provided to determine Lf snaeroble degradstion
was vesponsible for the removal of the contaminants or 1f the removal was
due to the oxygen introduced when the injection water was ascated bvefore it
was recharged into the shallow aquifer.

Degradatlion of low concentrations of orgenlc compounds under
methanogenic conditlons, with acetate added at higher concentrstions as s
primsry substrate, has beesn demonstrated (Bouwer, 1985). McCacty (1985)
propesed a scheme to treat contaminated ground water anserobically dsing the
primary substrate concept. The system conslsts of an sbove ground resctor
to which substrate snd nutcients are added, s well casing bloresctor which
operates anserobicslly like a trickling filter, and the aquifer. The sbove
ground reactor is used to develop an acclimated population. The effluent
from the above ground reactor is injected Into the well caslng bloreactor to
introduce acclimated microbes into the squifer ocr enhance adaptation of the.
{ndigenous populstion to the contaminants. Once the acclimated populstion
has devloped, use of the above ground reactor can be discontinued.

A method thet utillires sequential aseroble and snaeroble conditions to
degrade hazsrdous wastes has been studled in solls snd may be spplicable to
subsucface clesnup. An insectlcide, methyoxychlor, was slightly degraded in
soll under elther seroblic or anserodble condltions after thres months of
incubation. When the samples wace converted from an ansercbic to an assroblc
ststus, mineralization of the methoxychlor incressed 10 to 70 times of that
observed in soils maintsined aeroblically throughout the incubation perlod
(Fogel et al., 1982). The enhancement in methoxychlor degradation Ln soils
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exposed to anseroblc and then asrodlc conditlions may be a result of
-dechlorination of the insecticide under anseroblc conditions and degradstion
of the dechlorinated products undef serobic condlitions. Thle
snserobic-seroblic trestment scheme msy be useful in blorestorstion of
squifecs contaninated with halogenated compounds. The equifer could be
mansged like a sequencing batch ceactor In which an acclimated populstion is
exposed to deoxygenated water, then to serobic conditlons snd then the
trested wuter is withdrawn. The hydrsulically mansged system ie¢ then
allowed to sit idle until the next cycle ls initlated.

Rates of degradatlon under asnaerobic conditlons sre typlically slower
than those under seroblic conditions; In sdditlon, organlc compounds may not
be mineralized under anaeroblc conditions even after long perlods of
fncubation {(Wilson and Rees, 1988). However, anseroblc trestment may be
tequired to degrade pollutants that sre raecalcltrant under aeroblc
conditions; also, anaeraobic treatsent may require less management. The
application of anaerobic conditions to blorestoration is still in the

development stage and more resesrch is required to demonstrate its
usefulness in the fleld.

3. Addition of Specialized Microbis]l Populations to the Subsurface

In saddition to stimulating the indigenous mlicroblial population to
degrade organic compounds, snother lnnovative but not yet demonstrated
technique is to add microorgenisms with specific metabolic cepadblilities (Lee
and Ward, 1985b). Speclalirzed organisms may be inoculated into the
subsucface environment or the environment may be slteced to favor growth of
a population with specific metabollc capacitles. FPopulatlions that ace
speclalized in degrading target compounds are selected by enrlchment
culturing or genetlc manipulation. Enrichment culturing lnvolves exposure
of microorganisms to increasing concentrations of a contanlnant or mixture
of contasinants. The type of mleroorgsnisas that is selected or in essence,
scclimates to the contaminant, depends on the source of the inoculum, the
condltions used for the enrichment, and the substcate (Atlas, 1977).
Acclimation can result from an [nccease in the nuamber of organisms thst can
degcade the contaminant, new metabolic capabilitles that cesult from genatlc
changes, or an incresse In the quantity of the enzymes necessary for the
teansformation (Spein et al,, 1980). The genetic changes include
overproduction of entymes, inactivation or alteration of regulstory gene

;::;;ol. or production of enzymes with sltered specificities (Chosal et al.,

Genetic manipulation of mlcroocganisms to produce specislized
populations that can degrade target contaminants is a relatively recent
development. According to Kilbane (1986), genetlc enginesring may
sccelerates and focus the process of evolution, Genetic manipulation can de
sceoaplished by two different methods. In the first method, the orgsnisms
are exposed to a mutagen such as ultcaviolet light, nitrous oxide, or
8-szaquinonone and then a population with specialized degradative
cepabilities 1o isolated by eunrlchasnt eulturing (Zitrides, 1978; Xopecky
1982); however, this may produce weakensd strains decsuse the process 1s '
non-specific and affects the entire genome (Zitrides, 1978). 1I1n the second
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d, recosbinant DMA technology is used to change the genetle structure
::‘::o.-lcroorg-nll- (Xilbane, 1986). The genetic structure s changed by
inserting a DWA fregment, often a plesmid thet codes for a specifle
degradative pathway, into another organisa, A plasnid is & plece of DMA
that exists independently froa the cell‘s chromosomes (Birge, 1981). The
extra:chromosoms]l DWA can be transformed from one bacterium to snother by
conjugation, traneductlion, or transformation. Multiple degradative .
capabilities can de placed on a single plasmid that will allow the ocganien
to degrade an array of compounds or complete the degradation of s Lo th
nonblodegradadle molecule. Cenetic engineering can be used to ntnbllx:o : .
degradative tralts coded by the plasmlid, incresse the nuaber of plasmide In
a coll, amplify enzyme productlion snd sctivity, invoke multiple d..r;::::::
traits, or produce a novel degradative pathway (Plerce, 1982). In ltl N
organisms with different substrate affinlties, pH optima, or degradation
rates can bde fashlioned (Johnston and Robinson, 1982a).

‘ ing to Enhance Degradative Activity--
c‘n.té:n::T:n:::ln:crln; has been used to enhsnce the d-;rld}tlon,of the
recalciteant pestlicide, 2,4,3-trichlorophenoxyscetic scid (2,4‘:— ;.
Blodegradation of the pesticlde is ususlly very slow (Kilbane et a i; carbon
1982). A mixed culture of microorganisms that uses 2,4,5-T ae n‘n: d'
and energy source was obtsined by s technlque called pl‘lnld-:ll ste
wolecular dreeding (Xellog et al’, 1981). The technique lnv; ;o- rdous
tnoculating a chemostat with mlercorganisss from a varlety : ll:. ous
waste sites and orgenisms that carcry l: acray :it:::.:;:: :octdc:'. A

fon of specific xenobiotics. pure ¢ A,
::;:a:;:.oe‘rbonp.n‘ energy soucce was isolated from the mixed ropu:;:;:u
and tentatively ldentifled as Pssudomonsg gepacis (Kilbene et a ';.d o .

In sddition, the culture, designated P. cepacla Acxlooi ;:l ro:o:o“ . le
oxidize many chlorophenols. Degradation of both 2,4-dlc :rop [ y'. te
acid (2,4-D) and 2,4,5-T was expcessed in another strain of P. ggg:ﬁ::
conjugal transfer of two plassid from an Alcaljgenes !2&!%2!!1;:;) .
degraded some chlorinated phenoxy herbicides (GChosal et al., .t A
tnoculum of 2 x 107 cella/g of P. gepscia AC1100 degraded 95 P;r:.nubut.é o
the 1,000 mg/L 2,4,5-T added to sol} at 25 percent nol-turoln: nc.Xl.r
30°C (Chatterjee ot al., 1982). Less 2,4,5-T wes renoved w : 'Y ::

inoculun size and diffecent temperatures and molsture con:on .ix T
sddition, the 2,4,5-T degrading bactecia did not sucvive In lol rre (xtibane
2,4,5-T or when the concentratlon of the compound had been do; :h:

oé al., 1983). FPleld triale to determine the effectiveness o
2,4,5-T-degrading bacteris have not been conducted,

Colsruotolo et al. (1983a) r:cclvod a pl:o::‘::r“'-;::o::::.::;:;::::::
of obnoxious organic wsstes Into innocuous mate . A e
isolation of mlecoblal cultures from samples of soll an I: e o e
hazacdous waste site by encichment culturing end then applic the

remove the contaminants. Hicroorganls

Purl::.do:t:::::d::gt::l::::: ::o-or- of chlocotoluens, dichlorotoluene, snd
:::;lo:onHZODto were lsolated. Conjugstion and tranaformatlon o:?;::no::l
were conducted to transfer the plasmid D¥A, which conferred th.g;.r y
degrade some chloroaromstics, from the ocliginal lool;:-: t:.::oto
organiss. The patent clajmed that the organisms cou L]

12

decontaminate soll, remove contaminants in the air, mineralize toxle
orgenics In the leachate from » chdmical landfill and thereby reduce the
concentrations of noxious chemicals

Issuss In Cenetle Engineering of Microbes--

Organisns that can not easily exchange thelr genetic Information with
other organiems and are restericted to growth under defined enviconmental
conditions sre preferred candidates for genetic oanipulation (Placce,

1962). 1esues concerning the use of geanetically enginesred organisss in the
snvironment inctude: 1) adverse effects on human health, 2) how to
offectively monitar thelr dlepersal, 3) survivel of the sngineered organisn
In the environment, 4) regulation of actlivity In nontarget aress; and 5)
detearminallon of set risk levels scceptable to the pudbllc (Joyce, 1983).
Hany scientists argue that the englneered organlem s not radically
dlfferent from that which is genetlcally unsltered. The release of
genstically englneered ocganiams into the environment is of great concern
and some time may elapse before these organisme sce used (Fox, 1985). The
survivabilily of genetlicslly altered organisms In the environment s also of
concern. Surrogates of genstlcally enginesred organisns which carcried
antibiotic resistsnce were sdded to samples of sewage, lake water, and soll
and survived at rates Lhat varled with the strain end environment tested
(Liang ot al., 1982)., Some of the antibotle-resiastant strains reached
steady-state concentrations in lake water and sewage; howsver, all stralns
deciined in the soll aftecr » period of one month. fssudomones stralns that
degrade 2,4-dichlorophenol and p-nitrophenol were isclated from s0il by
enrichaent culturing techniques. The abllity of the lsolates to degrade the

phenol derlvatlons was variable when inoculated into lake water, sewage, and
soll (Coldsteln ot al., 1983).

Inoculation of a specialized microbial population into the environment
8ty not produce the desired results for many reesons (Table 2-8). The
concentratlion of the target compound required to support actlvity of a
specific degrader mey be lmlting. Toxlc oc antlmicrobisl substances such
4s antibiotics may be found in Rany envirouments. High density inocula may
be grazed by predatocs and the degradstive capacity severely decressed if
the growth rate of the introduced organiems {s slow. In addition, adequate

alxing to ensure contact of the orgsnlem with the pollutant will be
difflcult to achleve In the subsurface.

Most hszardous waste sites involve contemination of the environsent
with more then one compound. Therefore a mixture of organiems may be
Necessary to degrede all of the compounde In the wasts (Atles, 1977).
Populations that heve sdapted to degrade many orgenlc contaminants asy be
lsolated from blological treatment procassos such as sevage treatment, which
tecolive pollutlngf. The efflicacy of an Inoculated population of specific
degradecs wil) depend on environmental constcraints such as tempersture, pH,
and the concentrations of substrate, nutrients, and oxygen (Atlas, 1921;
2ajlc and Dsugulls, 1975). Successful results from inoculatlon of foreign
organiems ace more likely In simple environments becsuse the enviconment can
be controlled more easily. An wxsmple of lnoculstlion Into a slmple
environment would be the Introduction of bacteria into = blologlical reactor,
oll tanker ballast tanks, or fermentator; these also provide the benesflt of
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O IN THE
TABLE 2-8 REASONS WIfY INTHODUCZED ORCAMISMS PAIL TO PUNCT!
ENVIROWMENT (Goldstoin et sl., 1985)

1. The concentration of the compound is too low

bit
2 The environment contains some substance or organisma that inhi
. e
growth or activity, including predatorcs
one lt
3 Tha inoculated orgenism uses some othar organlec other than the
wag selected to metabollze

4 The organic i3 not accessible to the organlem

blems encounteced with
containing the mlcroorganisms. To avold p::vlronment, hamnios from the
anCulftlon ol f:r:1::n:r5:s‘::sciTT:c:::, miccoorganismy that ::n :;;rlde
C°ﬂl"l"l‘edt°ﬂv . be cultured by enrichment technlques or ;:n: OZ:C,Z it
e donrag ’d::?nnlly the speclalized population cen be r: ? r o
ehslhéﬁfOG- ‘nt from which they came (Omenn, 1986). In addit on; :tem. nay
th.l;:;:::::°:f oligotrophic bacteria with hl;?L:(f:?::yt::z::;.n{sm u
be systems w a
b:l.::‘T::S::::o::;::::n:h::eo::::T: p:llutlnts (Johnston and Robinson,
atts

1982b).

croorganisms--

s.edl;‘ lﬂ::::: E:v:;::T:?::e:iirc::o:;n:}amn hnvedboen u::dc::n:::::Tent of
1nat a (1973) tested sever

becteciel me u't.:ion:t::: ;::n:‘:::t iha inocula ware lneffec;;::li: of
reesting pr.p.::ls in the marine environmant. ‘Howaver, the nlron‘“nt
foretlicon s :P bacterlal seed lsolatad from an estuarine on:u.t‘r poAq
Eneroeser on : degradation in a saline but not in a fres Ly pond
(Nerms ond oosd ’:ﬂ 1923) After six weeks, 50 porcent of the o naln
n the set 50'40'6- The iack of actlvity in the freshwater pond zzgth.t
that the fne {On ;hould be cultured from an environment sinl:ar Lo ther
betng teosted. “: lwell eand Walker (1977) suggested that aeed ?g PR
omeucenctur | n lronmente such as the ocean; howsver, conta neber e
ot Termene o ;nv snable to such treatment. GCutnlck and Eose:ln & o
realed ot E:: r: :: no evidence to eupport tha clalp th;ttl:oo ot:oleun
s::L:: :T:; nlc:oorganlsms reduces oll pollution by etimulae F p
sllc

biodegradation.”

ith Microorganisme--
Sﬂedl:: so::i:::;r:?mtgzzutatlng sol! with acellmated bacteria to remove
L3N ]

m 1 et ll.-.
les of exporl entg (Wetze
selected contaminants was teated in & ser

981) u:lng exporlmantal chambers set up in ;rnenhouaos. The ¢ n .
1 ontaminants

T4

8niline gnd formn!dehydo. wore ‘added to three typas of solle (clay, sandy
loam, and organlc-rich) gng Plantg iwere 8ceded In the chazbere, Removal of
the contaminante by o mixed microbia} Population fronm primary fewage
affluent and gn acclimated Populatlon wayp lnvestigated. Formaldehyde was
not removed in ocgante gollg amended with

however, this troatment wep 8uccoesaful |pn

sand and clay sollg, Anlline wag femoved in the orgonic and sandy goflg
after 5 second application of Bewagp nicroorslnlnms. nutrients, eng yoeat
extract. Chamica] oxldation of the organicg uging hydrogen Peroxide wag

ne of the treatments ware

) +  The removal of chlordane
and 2.4-d(nltrophenol by mutant adepted microbig)

investigated. The fnoculum was 8uccensful in degr

ading 2,4-dlnltrophonol
from the upper layer of the clay goj}} only.

The authorg fuggested thet the
hod for removal of aniline ang

formaldehyde in most eol}) types; hovever, addition of the adaptaed Population
vas not succeseful in these tests

Inoculaklon of 90ils to romove chlorinated
besn aAttempted, Daughton ang Hsleh (1977) roported that inoculstion of
storilized soilse with a parlthlon-accllnntod culture reduceq the
¢oncentcatlon of the lnsecticide by 85 percent; however, the efficioncy of
the inoculum In non-sterile soil wee greatly roduced. Focht and Brunner

(1985) used an Aclaotobactqg otrain ag an Inoculum to degrade biphenyl anda
Polychlorinated biphenyla 1, sails.

2ax1mum mineralization cates and the
chlocinated blphenylc, but the overel
polychlocinated biphenyls wag not greater than thet {a
which bipheny]l hag boeen added. The process wap thought to be o
eonotubollc-:ommanaal @otabollism of the PCBa,

orgenics ang Peoticideo has

Remediation of soi} contaminated with hydrocarbong by lncculntln; with
hydracarbon degrading organlemg has been met with varying success.
Schwendinger (1988) demonstrated that inoculation of a h
degrading straln of Cellumonas in voil contaminat
the rate of Feclamation {n comparigon to golle amended with on)
Jobson et aj. (1974) reported that the spplicatlion of 3196 colls of

slightly increased the
degradstjon of tha Cap- to Cas-~ 8roup of n-alkanes In corparison to
soile gmended with fertillzer only. However, Lehtomaki ang Niemela (1915)
teported that brewer'y Yoeast sdded to soils gerved primacily gp o fertilizer
father then es g inoculum teo actively degrads the oll. Seading borss} soll
vith an oll-dusrndlng noculum incressed microbie] activity (Hunt ot el
1873). In labornlory studleg, the addition of 30o PP™ nitrogen and 100 PPR
Phosphorus, lnocu!ation, and edjusting the plt to 7, increased olerable}
uét!vlty by at lesst o factor of four in comparison
after 40 days of Incubation, An Increase in plent g

In contrast, Westlaks
ot al. (1974) reported no beneflcia} sffecte from the addition of

oll-dosrldln; bacterla to boresl sol}a. The lack of enhancemant may be s
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squite spplication of the inoculua. The type of ocganiems
::::::o:‘l:::‘o:rlehnoz: culturing depends on conditions used eurln; t?- .
{solstion procedure. For exanple, enrichments made at 4 and 20°C contsine
different organisms, and cultures snciched on a low quality crud-lu;r: .
better adapted tr utilize s lower quality crude than cultures encriched on
high quality cruds (Jobson et al., 1972). Thess dats nu;g;lt ::.‘tho
enrichaents for speclalized populations should be conducte u:h '} the  nder
environnentsl conditions and contsminants that ace unique to the s

Lnventigetion.

An inoculus of yontochlorophunol-do;r.dln; organisms has been used to
decontasinate soll, civer watec, ground water and other lro-hulto::
(Masrtinson et al., 1984). A glgvgptsluglgg sp. that could mlno:nh ze
pont-chlorophonol (PCP) was lsolated (rom & man--made channel whie v--l
wxposed to the cospound for seversl weeks (Crawford and Mohn, 1985). :
sddition to minecalizing PCP, the a\croorglnln: co:ldtntt:czr:u?:::orl:‘s)

. ted phenols but not all isomers (Stelect an . .
;;:.E]::::;l:::;ggplp. at s cell density of 10% cells/ml removed over 90
percent of the PCP added to civer water, ground‘wnl::':?d o;::ro::::t'u-

t sl .
wsters, usually within a8 hours (Martinson e N t
v tween -15 and 35°C, snd at pit values
sbllity to degrsde PCP was best de B e veulted
. 4 9.0. 1noculum densities as low as 10" ce
t:t:;;?c:ozl.:o-ovnl of PCP. The time required to remove the 2crtl:e:;:;od
When sdded to uncontaminste N

with increasing concentrations of PCP. ® sy e ahert

t4ly minecalized tCrawford snd Mobn, .
:::-:ipo:.:l::tnll:ltlon occurred in solils with molesture contents betwesn 15

to 20 pecent.

Ninecslization of PCP was cbserved at inoculun denslitlies n: low as 3.1
% 103 cells/g; however, & slightly higher extent of mlneralizst :ﬂ was
observed at s cell density of 3.1 x )0“ccll:lt :Cr::io:i‘::d‘?:.:...v.n
s
8%). Mninersalizstlon of PCP 1n one uninoculate
::y:)of Incubatlon and alnecalizstion proceeded to tho same poln:xna tl?
sasple inoculated with 107 colls/g. concenlrations of PCP in :: Ly 58 ppm
contaninated from & wood tresting landfill were :oduc;dl;;o: z‘ o .nzgh.r
lun in a period o ays.
after four spplications of the ilnocu : oo
d from 321 to 41 ppn 8 ter on
tenmlnated soil, PCP levels were reduce
:::!::ntlon of seed, but similar levels of rcmovu:c;.:e Ob:.::::dl:ot:.ln
d not cemove rom
uninoculaled control. The sesd coul i
diluted 10 fold to 553 ppm an
which the concentcation of PCP hsd been !
/x soil of s culture of
to neutrslity. Addition of 10% celle/g
;29::iu::;?ngokrt cobacter sp. reduted the half-11fe of PCP from tw; uoo::
to 15 :oura (Finn, 1982). gdgehill snd Pinn (1983)‘rop::t:dr::::‘tfzozn
" to inoculua slize ths
of PCP dlsappearsnce was proportional o
t of the PCP was cemoved w n
104 to 106 cells/g soll. Up to 85 percen B e o mocever y
oil in which the seed had been thoroughly H
;; d:::.i: :-s cremoved in the unnixed soll. Brown et al., (1986) :ut‘.::::t
thl: fixed flim cesctors with a PCP-adapted population may be :Iod :
watecrs contaminated with PCP at concentratlons below the throsl:: l:l rteosn
toxiclty. A consortlium that was attached to rocks from an actiflc
amended with PCP was genarally able to degrsde PCP as fast a9 lh:gm.n:
r!nvobngt-rlu- sp. described by Crawford and Mohn (1985). A tre

76

be conducted.

system using two fixed film resctors in series was then proposed; the first
resctor would creduce high concentrastions of PCP snd the second resctor would
contaln orgsnisme thet could remove! PCP ta Jow levels. The consoctlum was

sble to remove PCP to less than 1 yg/L when the inltlal concenktrstions
vere less than ) mg/L.

Seeding the Subsurfacs with Microorganiems-- :

Inoculation of bacteris into the subsurface for blocestoration has been
set with soms success, but ths contrlbution of the introduced bacteria to
the oversll clesnup can not be readlly determined. In most cases, the role
of the introduced becteria In degradation pf tha contsminents can not be
detarmined because appropriate control plots were not Incorporated into the
experimental design snd the cesults were not quantitatively messuced
throughout the course of the project. The biggest concern of Inoculation
{nto the subsurface is ensurlng contact betwsen the speclallized cells and
the target conLsminents. The cells masy be flltered out of the perfusing
solutlon or sorbed onto soll befare reaching the contumlnants (Bouwer,

1984). 1In additlon, normal dle-off may control the movement and spresd of
bactarla in well-sorted sand, gravels, (ractured rock, snd karstic limestone.

Microblal movement through ths subsurface depends on the
charsctecistice of the soll end microorgenisms. Only 1 percent of an
inoculus of & Pseudomonas etcaln passed theough a 2-inch sandstone core
sfter washing with 123 pore volumas (Jenneman et al., 1984). Penstration of
bacteris lnto sandstone cores with hydraullc conductivities greater than 100
millidacrcies was raspld; however, penstration iIn cores with hydrsulle
conductivities below 100 millidaccies was slow (Jannesen ot al., 1985).
Motlle bacteria moved three to elght times faster than nonmotile bacterls.
Hagedorm (19084) summarized the results of selected studies on the maximum
distence that mlcroorganisms moved in various solls: 19.8 & in 27 weeks in
s flne sand; 10.7 = In & send and sandy clay in elght weeks; 24.4 m in s
tine and cosrse sand (time of travel not reported); 30.5 m in & sand and pea
geavel squlfer in 35 hours; 0.6 to A m in a fine sendy losm (time of travel
not reported); 457.2 m in a cosrse gravel aquifer Ln 15 days; 28.7 m in 24
to 30 hours in a erystalline bedrock. Bacteris have moved as far ss 920
neters in the subsurfece at rates up to IS0 m/day (Cerbs, 1984). MNicroblal
movement through soll mecropores is an important mechanism of transport in

sll subsurface solls except sandy solls snd those that are dlsturbed (Smith
st al., 198)).

Transport of mlcroorganisms in the subsucface can occur. MHowever, in
gltu blorestoration programs using lnoculstion technlques will be affected
by sdverse conditions that decresse the survivebllity of microorganisams in
the environment. Several factors must be consldered befoce an in situ
biorestorstion program utilizing scclimated bacterin is lsplemented. The
source, quantity, nature and blodegrsdability of the contamlnants, and the
saviconmental conditions of the sits must be determined (McDowsll et al.,
1900). 1In sdditlon, laboratory tests to determine the kinaetics of
degradstion, the potential foc inhibitlon under vaclous conditions,
requirements for oxygen and nutrlents, and the effects of tempecature should

The furmatlon muat be parmesble enough to perfuse nutrlents
and the Inoculum through the zone of contaminatlion.
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Aquifor Remudlstlon Using Tnoculatlon Teachniqueo--

Inoculation of microorgsnisms into the subsurface has been used in
squiler remedistlon In conjunction with wasteviter trestment procseses.
These casss are sumsarized in Table 2-9. A reprecentative system ls ahown
in Figuce 2-3. In ons case study, 7,000 gallons of acrylonitrile was
spilled in a metropolitan area From a leakling rall car (Walton and Dobbs,
1980). The receiving squifer contsined signiflcant amounts of slit and cley
and hence was rather impermeadble. Initial trestment involved withdrawal and
trestment of ths ground watsr by alr stripping. After the concentcation of
accylonleclle had declined to nontoxic levels, mutant bacteric were geaded
into the soll. The concentcation of accylonitrile declined from 1,000 ppas
to nondetectabls levels (limli of detection 200 ppd) within one month;
howevar, the role of the bacterisl seed in acrylonitrile degredatlion could

not be determined.

Quince and Cardner {(19823; 1982b) documantaed the cleanup of 100,000
gailons of varlous orgsnic compounds, Including ethylene glycol and propyl
scotals, over a 250,000 squsce foot sraa. The soll consisted of a thick
silty élsy that extended to s depth of more than 30 feot; migration of the
organics into the main aqulifer was prevented by the structuce of the
formation. Contalnment and recovery of the og;nnlcs were limited to the
perched water table located in the upper clay lsyer. The contaminated
ground wvater was withirawn and tresated by clarlflcation, serstlon, and
granulac activsted carbon. A blosticmulstion program with speclialized
bacterla, nutrients, and air was inltlated aftar the levels of the
contaninants hed decressed from 2,000-10,000 ppn to less than 200 ppm.
puring treatment, the concentration of ethylens glycol was reduced from
1,200 to less than 50 mg/L, propyl acetate wag reduced from 500 mg/i. ta lass
than 50 mg/L, and the total concentration of gzpilled compounds declined from
36,000 to less than 100 mg/L.. The resulting concentrstions of contaminante

were acceptable to the regulatocry agencles.

Quince and Catdner (1982a; 1982b) documented ths cleanup of a number of
organic chemicals including dichlocobenzens, nethylens chloride, and
trichlorcethane that contamlnated the subsurface a¢ & result of s epill from
lesking tankers. The tceatment scheme Included recovery of product with »
vacuue systen, soll flushing, sir stripping, and then inoculatlon of
commerclal hydrocarbon-degrsding bacterla into en sbove ground resctor
followed by recharge of the effluent lnto the subsurface. A commercial
mlccobial inoculun seeded into the above ground resctor significantly
decreazed the concentrations of the organic contaminants after 36 hours of
exposure. The operation was termlnated sfter a 95 pacrcent ceduction in the
organic levels was achieved. The Injected hydrocarbon degraders were
sxpoctsd to complate tha blodegradatlon in sity; however, the role of the
added bacterls was not demonstrated.

An sceidentsl splll of 130,000 gulloms of organic chemicele entered o
15 Foot thick shallow unconfined squifer and resulted In total contaminant
levals sg high as 10,000 ppn (Ohneck and Gardner, 1982). A drinklng water
aquifer was separated from the contaxinated zons by 50 to ¢0 fest of sllity
tlsy. The contaminated ground water was withdrawn and trectsd by
clariflcation, granuler activated carbon sdsorption, snd air steipping. A

7¢

TABLE 2-9. SUMMARY OF

AQUIFER REM

ORGANTIng SDIATION CASE HISTORIRS UTILIZING INTRODUCED

Ci 0
ompound Treatment Description Reference
accylonitrite

mutant bactecria added afl

concentrations had been ” belton and Pebbe. 1980

rasduced by dlr~ntrlpping
phenol and inltl

sl trestmant b

thlorophenol adgsorption onto Gucy Hatton sne Pobbe. 1980

othylene glycol and
propyl scatate

dichlorobenzene,
dichloromoth-no,
and trelchloroethane

unidentified organic
compounds

formaldehyda

followed by innoculation
with mutant bscteria

trestment shove ground

and later with speclalized
bacteria

Quince and Cardner
1982s and b

initial treatment with
ale stripplng and then
innoculation with o hydro~
carbon-degrading bacteris

Quince and Gardner,
1982a snd b

hydrocarban--degradin
} 3
bactecie added after levels Oh::;: ind Curdner,

reduced by GAC and sir
strippling

commercial degrader sdded to
above ground treatment system
formed from rall ballest

Sikes ot 1., 1984

:cn:ontratlo;hof the organlcs had declined from a8 high as 10,00
¢ results of laboratory tests indicated that th;

8ltu dblologlcal degradation was initisted after the
O ppa to
indlgenous

bae
teria could degrade the contsminants when supplied with nutrients

::yllcltlon of & commerclal bacterial In
od-;rldntlon,rnte. of the organics: in
was degraded slower by the comnercl-; hyad
the indigencus Population,. 4
with hydrocarban degrading bactecia, air

the vedose zone.

24,000 to 2,000 mg/L.

vater were reduced to less than ) ppn
L]

fnct.b:n- compaund (unidentiflod)
rocarbon-degrading inoculum th

Bffluant from the trestment syoteam wap naan;:d
and nutrients, and Injected into

Ae a result, th
001 core were codnrey SO too @ concentrations of the contaminants 1In one

the concentration of the chamica

:: :so ag/L in two montha. In &nother ares
A compositad soll) samples declined )
The concentrstlons of the orgenice ln the ‘r::n‘fFOH

which met cagulatory approval.,
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Pigure 2-3. Combination of above ground trestment with |n eity
blorestoration.

Incorporation of blologlcal trsatment inlo the restocation prugram decressed
the cost of operatlon end malntensnce. The role of the commurclal Invculum
in the removal of the contaminants could not be deterwined; {n eddition,
lsborstory studies ludicated that the Lnoculum did nat enhence

blodegradation,

A splill of 20,000 gallens of a 50 peccent solutlon of formaldehyde fros
a rallrosd tenk car contaminsted the soll and railroad bed in Ukiah,
Calfifornia (Sikes ot al., 1984). Conteminsted surface and geound waters
were resoved by a vacuum Lruck snd 250 cublc yards of soll ware excavated,
Approximately 13 miliion gallons of water was collected. The weter wae
initlally treated with hydrogen peroxide to reduce the concentratlon of
formaldehyde from 30,000-30,000 to 500-1,000 ppm by oxidation. See Sectlon
1.0, for more dotalle of the use of hydrogen peroxids in this case study,
The fessibliity of }p situ blologlcal degradation of the ctemaining
formaldehyde using a commsrcial bacterisl Inoculum vee then Investigated. A
comnarcial lnoculum that contsined speclally cultured mlcroorganicas was
chosen for the project. The biologlcal tresatment system consisted of a

pocteadle aerstion tank, o spra
y syetem, ond g teickiin [ § roun
:::::.::; :::;.d :: lrcr-o-. the destruction rete and :hol:;.:;c ::;u:tod ‘n
fulfurie acld oc gade ash; nitco .
8en and pho
:: :;:d:d;! Tha {inoculua wase rehydrated with chlorln.-l:qo.C::::-c::r:d;::.a
Y0tem at 2 rate of 3 lbs Per day. The concentration of formaldehyae

:::-;rozh:’a;{;anltp:ok; rate in the Sump ranged from )2 to 82 mg/L he-1
- ng €% in the ballast sravel. The tg¢
l::r:;-rllr suspended for o day and the systea waps lluu;:;..";u:r:‘r::ln‘.
:. s +» the concentration of formaldehyde lacreased ;r-ntl;- hov-v:r' ‘
lh: r.:;:u;tl:nt;n :orlaldohyd- levels followed. The outho;l lugsccé :hct
el o ¢ formaldehyde was o cesult of p

ver, they conceds that t coacstesl ity

howe proving the role of mlccoorgants ’
L7

:::-aldohydo degradation would be diffleult, 1q nddll:on thal:ol 4

igeneous and inoculated bacteria in fot-.ldohyﬂc dogrl&-t\on eo:l: not be
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MODELING APPROACHES

M Conceptual
B Physical
B Analog

B Mathematical

TYPES OF MODELS

B Flow models

m Transport models

® Multi—-phase models

® Chemical feaction models

B Parameter identification
models

M Data manipulation models

B Resource management models



MODEL
DIMENSIONALITY

® 1,2,3-D spatially

B Steady-—state or
transient

B Non—dimensional

CONCEPTUAL MODELS

Definition:

An organizational framework for
observations and ideas, that conveys

an impression of causes and effects
of the observations.

Example:

Integration of the natural processes
that affect the movement of a specific
contaminant in a parlicular setting,
for assessment or prediction purposes.



CONCEPTUAL FLOW
MODELS

m Confined (artesian)
flow

B Unconfined
(water—table) flow

B Fractured rock flow
B Multi—phase flow

m Unsaturated (vadose)
zone flow



CONCEPTUAL
TRANSPORT MODELS

m Advection—dispersion
m Diffusion dominated
m Advection dominated
m Advection—diffusion

B Discrete fracture

B Dual porosity, MINC

B Multi—phase



CONCEPTUAL
MULTI-PHASE MODELS

m Unsaturated (vadose)
zone

m Salt—water intrusion

® Immiscible phases
(NAPL's)

m Compositional
simulators

CONCEPTUAL CHEMICAL
MODELS

m Equilibrium speciation
®m Mass transfer

® Mass balance

m Kinetic rate

m Graphical relationships



INTEGRATED
CONCEPTUAL MODELS

m Transport and speciation
B Transport and kinetics
M Well-mixed reactor cells

m Density dependent
transport

OTHER CONCEPTUAL
MODELS

m Inverse parameter 1.d.
m Data input & output
L

m Statistical methods

B Resource management

® Fconomics



PHYSICAL MODELS

Definition:

A scaled replica of a real-world
system, simplified and idealized for
practical considerations.

Examples:

"Sand—-tank'" artificial aquifers,
laboratory column experiments, and
bioclogical microcosms.

ANALOG MODELS

Definition:

A contrivance that imparts insights
regarding cause & effect relationships
within one pbhysically distinct system
to those of another physically distinct
system.

Example:

Electric—analog model for water—

supply wellfield management, using
resistors for permeability, capacitors

for storage effects, etc.



MATHEMATICAL MODELS

Definition:

A collection of equations that relate
input parameters and variableés to
quantified outputs, based on specific
assumptions and simplifications of the
real—-world system being modeled.

Example:

The Konikow—Bredehoeft contaminant
transport model that employs a finite
difference formulation for the flow

field and a method—of-characteristics
formulation for transport predictions.

FORMS OF
MATHEMATICAL MODELS

B Analytical — closed form
solutions

B Numerical — iterative
solutions

m Semi—analytical — mixed
form

m Computer — any form,
codified



STATISTICAL BASES OF
MATHEMATICAL MODELS

m Deterministic (spatially &
temporally fixed
inputs and outputs)

m Stochastic (probabilistic inputs
and/or outputs)

m Geostatistical (spatial
interpolation)

m Statistical (regression,
correlation) -
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FOREWORD

The U.S. Environmental Protectfon Agency was established to coordinate
administration of the major Federal programs desiyned to protect the qualfty
of our environment.

An important part of the Agency's effort involves the search for
tnformation about eavironmental problems, management techniques and new
technologies through which optimum use of the Nation's land and water resources
can be assured and the threat pollution poses to the welfare of the American
people can be minimized,

£PA's Office of Research and Development conducts this search through a
nationwide network of research facilities.

As one of the facilities, the Robert S. Kerr Environmental Research
Laboratory is the Agency's center of expertise for investigation of the soil
and subsurface eavironment, personnel at the laboratory are responsible for
management of research programs to: (a) determine the fate, transport and
transformation rates of pollutants in the soil, the unsaturated zone and the
saturated zones of the subsurface environment; (b) define the processes to be
used tn characterizing the soil and subsurface environment as a receptor of
pollutants; {c) develop techniques for predicting the effect of pollutants on
ground water, soil and {ndigenous organisms; and (d) define and dewonstrate
the applicability and limitations of using natural processes, indigenous to
the soil and subsurface environment, for the protection of this resource,

This report contributes to that knowledge which is essential in order
for EPA to establish and enforce pollutfon control standards which are
reasonable, cost effective and provide adequate environmental protection for
the American public.

filitn & Y4
Clinton W. Hall

Director

Robert 5. Kerr Envirommental
Research Laboratory
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Abstract

Due to worsening national problems, hydrologists are being asked to
identify, assess or even anticipate situations invelving groundwater con-
tamination, and a large fraction of the regulation activities of the U.S.
Environmental Protection Agency is in the groundwater area. In both regula-
tion and assessment, increasing use is being made of complex mathematica)
models that are solved with the afd of a digital computer. Typically, such
models are collections of partial differentfal equations that contain a
number of paraméters which represent aquifer physica) properties and must be
measured in the field. Of the varfous parameters involved, the hydraulic
conductivity distribution is of major importance. Other parameters such as
those relating fo sorption, hydrodynamic dispersioon, and chemical/biologi-
cal transformation are important also, but hydraulic conductivity is more
fundamental because combined with head gradient and porosity it relates to
where the water is moving and how fast. Therefore, this communication is
devoted mainly to the conceptualization and measurement of hydraulic
conductivity distributions and the relationship of such measurements to
dispersfon (spreading) of contaminants in aquifers.

For the most part, contemporary modeling technology is built around
two-dimensional models having physical properties, such as transmissivity,
that are averaged over the vertical thickness of the aquifer. In such a
formulation, the major aquifer property related to contaminant spreading is
forced to be longitudinal dfspersivity. This is not due to any fundamental
theoretical limitation. The major limitatfon is that dependable and

economical field approaches for measuring vertically-variable hydraulic
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conductivity distributions are not avaflable. In the absence of such data,
one has no choice in a modeling sense but to use some type of vertically-
averiged advection-dispersion approach built around full aquifer longitudi-
nal dispersivities.

In order to begin to overcome this 1imitatfon, a series of single-well
and two-well tracer tests were performed at a field site near Mobiie,
Alabama, and a major objective of this communication is to describe these
tracer tests and discuss some practical implications of the results with
regard to modeling of contaminant dispersion in aquifers, The tests utilize
multilevel sampling wells which have to be designed and installed carefully.
Tracer test results along with theoretical‘studies suggest that the follow-
ing working conclusions are warranted.

1. Local longitudinal hydrodynamic dispersion plays a relatively
unimportant role in the transport of contaminants in aquifers.
Differentfal advection (shear flow) in the horizontal direction
{s much more important.

11. The concept of full-aquifer dispersivity used in vertically-
averaged (areal) models will not be applicable over distances of
interest in most contaminatfon problems. 1f one hasg no choice
but to apply & full-aguifer dispersion concept, the resulting
dispersivity will not represent a physical property of the
aquifer. Instead, it will be an i11-defined quantity that will
depend on the size and type of experiment’used for its supposed
measurement.

111, Because of conclusfon II, it makes no sense to perform tracer

tests aimed at measuring full-aquifer dfspersivity. 1f an areal
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mode) fs used, the modeler will end up adjusting the dispersivity
during the calibration process anyway, independent of the
measured value.

When tracer tests are performed, they should be afmed at
determining the hydraulic conductivity distribution. Both our
theoretical and experimental work have indfcated that the vari-
ation of horfzontal hydraulfc conductivity with respect to
vertical position s a key aquffer property related to spreading
of contaminants,

Two- and three-dimensfonal modeling approaches should be uttl{zed
which emphasize varfable advectfon rates in the horizontal
direction and hydrodynamic dispersion in the transverse direc;
tions along with sorption and microbfal/chemical degradation.

In order to handle the more advection-dominated flow systems
described in conclusion ¥, one will have to utilize or develop
numerical algorithms that are more resistant to numerical
dispersion than those utilized fn the standard dispersion-

dominated models,

Much of contemporary modeling technology related to contaminant trans-

port may be viewed as an attempt to apply vertically homogeneous aquifer
concepts to real aquifers., Real aquifers are not homogeneous, but they are
not perfectly stratified efther. What {s befng suggested, therefore, is
that the time may have arrived to begin changing from a homogeneous to a
vertically-stratified concept when dealing with contaminant transport,

realfzing fully that such an approach will be interim in nature and not
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totally correct., Field calibration will sti11 be required. However, the
performance and simulation of several single~ and two-well tracer tests
suggests that the stratified approach fs much more compatible with valid
physfcal concepts, and at least in some cases results fn a mathematical
model that has a degree of true predictive ability.

An obvious implication of the study reported herein {s that any type of
groundwater contamination analysis and reclamation plan will be difficult,
expensive and probably unable to meet all of the desired objectives fn a
reasonable time frame., Therefore, one can not overemphasize the advantages

of preventing such pollution whenever {t {3 feasible.

vii
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Introductfon

Due to worsening national problems and potential problems relating to
industrial waste disposal, municipal waste disposal, radioactive waste dis-
posal and others, there is increasing pressure on hydrologists to identify,
assess or even anticipate situations involving groundwater contamination.
In order to meet these demands, subsurface hydrologists have turned
increasingly to the use of complex mathematical models that are solved with
the aid of a digital computer. Some of the principal areas where
mathematical models can now be used to assist in the management of EPA's
groundwater protection programs are:

(1) appraising the physical extent, and chemical and biologica?l
quality, of groundwater reservoirs (e.g., for planning purposes),

(2) assessing the potential impact of domestic, agricultural, and
industrial practices (e.g., for permit issuance, EIS's, etc.),

(3) evaluating the probable outcome of remedfal actiocns at hazardous
waste sites, and of aquifer restoration techniques generally,

(4) providing exposure estimates and risk assessments for
health-effects studies, and

(5) policy formulation (e.g., banning decisions, performance
standards).

These activities can be broadly categorized as being either site-specific or
generic modeling efforts, and both categories can be further subdivided into
point-source or nonpoint-source problems. The success of these efforts
depends on the accuracy and efficiency with which the natural processes
controlling the behavior of groundwater, and the chemical and biological
species it transports, are simulated. The accuracy and efficiency of the

simutations, in turn, are heavily dependent on the applicability of the



assumptions and simplifications adopted in the model(s), and on subjective
Judgments made by the modeler and management,

EPA's Sfte-Specific Modeling Efforts

Whether for permit {ssuance, {nvestigation of potential problems, or
remedfation of proven contamination, site-specific models are necessary for
the Agency to fulf{1) {ts mandate under a number of major environment.l
statutes, The National Environmental Polfcy Act (1970) stipulates a need to
show the impact of major constructfon activities in Environmental Impact
Statements and potential impacts are often projectéd by the use of
mathematical models. The Underground Injection Control (UIC) program, which
originated in the Safe Drinking Water Act {1974) (SDWA) and 1s now subject
to provisions of the Resource Conservation and Recovery Act (1984 Amend-
ments) (RCRA), requires an evaluation of the potential for excessive
pressure build-up and contaminant movement out of the injection zone.
Mathematical models are the primary mechanism for the required evaluation,
due in part to the difficulty of installing monitoring wells several
thousand feet deep.

UIC also calls for determinations of which aquifers serve, or could
serve, as underground sources of drinking water (USOW's), based on a lower
quality Yimit of 10,000 ppm total dissolved soYfds. Here, modeling has been
found to be a useful adjunct to gathering and interpreting field data, such
as in the U.S. Geologica) Survey's efforts to assist EPA in determining
USDW's (e.g., the RASA program). Another SDWA program, for the designation
of Sole Source Aquifers (SSA), has frequently employed the use of models for

establishing and managing water-quality goals. Oesignation of the Spokane

Yalley - Rathdrum Prairfe SSA, for instance, included an evaluation of
nonpoint-sources of nitrates with a groundwater model developed for EPA by
the USGS.

Some of the most difficult site-specific problems facing the Agency
{nvolve hazardous waste sites falling under the purviews of RCRA and
CERCLA/Superfund. Associated with most of these sites is 2 complex array of
chemical wastes and the potential for groundwater contamination. Their
hydrogeologic settings usually appear quite complicated when examined at the
scale appropriate for technical assessments and remediation efforts (e.g.,
100's to 1000's of feet). Groundwater models are used to assist in the
organization and {nterpretation of data gatﬁered during remedial investiga-
tions, the prediction of potential contaminant transport pathways and rates
of migration, the setting of Alternate Concentration Limits, the design and
comparison of remedial alternatives, and the evaluation of the performance
of final (‘as built') designs at hazardous waste sites, They are aiso used
to help determine the adequacy of monitoring and compliance networks, and to
determine the feasibility of meeting clean-up targets.

€PA's Generic Modeling Efforts

There are a number of instances where the Agency has limited data or
other constraints, such that site-specific modeling is not feasible. As a
result, many decisions are made with the assistance of generic modeling
efforts. Generic efforts utilfze analytical models, as opposed to numerical
models, to a much greater degree than occurs in site-specific efforts. This

{s a logical consequence of the simplified mathematics of analytical models,



the significantly greater data requirements of numerical models, and the
higher costs of numerical simulations.

The Agency has many statutory responsibilities which benefit from
generic modeling, including the estimation of potentfal environmental
exposures, and their integration with dose-response models to yield
health-based risk assessments., These are necessary, for example, in issuing
compound-specific rulings on products subject to pre-registration require-
ments under the Toxic Substances Control Act and the Federal Insecticide,
Fungicide, and Rodenticide Act. More generalized policy formulation
activities also benefit from generic modeling efforts. Examples include
making policy decisions about land disposal 'banning,' preparing Technical

Enforcement Guidance Documents (1.e., for monitoring network designs), and

‘deYisting’ under RCRA.

Subsurface Transport Models

The most common types of modern groundwater transport models are a
collection of partial differential equatfons and other mathematical/physical
relationships that embody our best understanding of the system of interest,
which {n the present context is an aquifer. Virtually all groundwater
models contain a number of parameters, which are simply numbers or functions
that represent the physical and chemical properties of an aquifer and the
aqueous solution that 1t contains. In order to apply a model to a
particular problem situation, one must specify all the parameters {length,
width, thickness, hydraulic conductivity, dispersivity, retardation

coefficfent, etc.) that pertain to that particular system., This is what

distinguishes one system from another in the application of a mathematical
model.

In the actual process of using a mathematical model, the user puts all
necessary information into the model {geometry, physical properties, initial
and boundary conditions}, and a computer is employed to rapidly solve the
resulting equations which generates the model output. Output, for example,
might include a predicted contaminant concentration distribution 10 years in
the future. Presently, this predictive process {s far from satisfactory
(Konfkow, 1986). Our understanding of all the physical and chemical
phencmena involved {s imperfect, and there are {mmense difficulties in
measuring and specifying all of the required input data. If accurate
{nformation is not put into a mathematical model, one cannot expect accurate

information to come out.

Over the past decade, 2 significant number of scientists have concluded
that the single most important barrier to developing an improved ability to
simulate groundwater contamination problems is our {nability to measure,
specify and, therefore, understand the type of hydrautic conductivity
distribution that occurs in natural aquifers (Smith and Schwartz, 1981).
This {s not to say that other parameters such as those relating to sorption,
hydrodynamic dispersion and chemical/biological transformations are not
important. It 1s simply that the hydraulic conductivity is more
fundamental, because together with the hydraulic head distribution and
porosity, it is the physical property that relates to where and how fast the
groundwater is moving. 1f one does not have the ability to specify the

location of a parcel of water at 2 given time, one can hardly specify what



s going on chemically and biologica]ly in that
communication {s

water, Therefore, this
devoted mainly to the conceptualization and measurement of
hydraulic conductivity distributions ang the relationship of such measure~
ments to dispersion (spreading) of contamfnants {n aquifers.

The Hydraul{c Conductivity Distridbution

Measurement of hydraulic conductivity {s

Tocation (1.e., below the ground surface)

difficult because of aquffer
and the nonhomogenefty of most

natural aquifers, (It 1s not uncommon for hydrautic conductivity to vary by

a factor of 10a OF more within a gfven subsurface hydrologic system (Freeze
and Cherry, 1979).) as discussed by Schwartz (1977), almost o continuously
increasing scale of heterogeneity can be visualized in most cqﬁifers. The

heterogeneities arise due to varfatfons {n grain sizes and pore sizes,
permeabi1ity trends due to stratification and varfations in the original
depos{tional environment, anisotropy, fractures, overall stratigraphic
framework and more (Apay, 1972). Because of the range of many of these
varfations and the unique physical, chemfcal and btologtcal environments
found in the subsurface, ft is difficult or impossible to study spatial
vartability fn a definitive way with laboratory experiments,

According to Phi11p (1980) field heterogeneity can be classified as
efther deterministic or stochastic. Determin{stic heterogeneity refers to
hydraulic conductivity variations that are sufficlently ordered to be
characterized by a set number of measurements, although in practice the
measurements may be difficult to make. Stochastic heterogeneity refers to

hydraulic conductivity changes that are essentially random, making {t

pointless to try to measure them all. However, even these categories depend

on scale of observation (problem size), because vartations that can be
viewed collectively as stochastic on a sufficiently large scale (regional
scale) may have to be treated as deterministic on a smaller scale such as a
site-specific scale. In addition, stochastic variations are often embedded
in systematic trends (f.,e., random varfations within discrete strata).
Since a complete characterfization of the spatfal distribution of
hydraulic conductivity and hence a complete description of a1l the detafls
of the flow field in an aquifer are practically impossible, various
stochastic convection-dispersion models for solute transport have been
proposed fn recent years (e.g., Gelhar and Axness, 1983; Winter, 19€2).
While these models may be useful under certain conditions, they also have
varfous limftatfons. Detailed discussions of the capabflities and
limitations of these models may be found §n Gelhar et al. (1979), Matheron
and deMarsfly (1980), Gelhar and Axness (1983), Dagan (1984), and Sposfto,
Jury -and Gupta (1986). As reviewed in detail in the recent paper by
Spostto, Jury and Gupta (1986}, all such models involve a conceptual
collection (ensemble) of statistically similar aquifers rather than a
specific real aquifer. Consequently, these stochastic models provide
results which are averages over the collectfon and, therefore, not directly
applicable to a single aquifer. In addition, only under very limited
conditions can measurements in a single real aquifer be related even
conceptually to the statistics of a collection of aquifers that contains the
real aquifer as one of its members, Essentfally, the real aquifer must be
statistically homogeneous on the average and ergodic (Meuman, 1982; Sposito,

Jury and Gupta, 1986). Without going into details here, it is sufficfent to



say that such a condition 1s very restrictive and does not allow an aquifer
to have the type of genera) variability and persistent hydraulic conduc-
tivity trends that we belfeve are essentia) to understanding contaminant
transport, particularly in site-specific situations fnvolving relatively
short travel distances. For these reasons and others, Sposito, Jury and

G [ )
upta (1986) concluded that ®uch more theoretical research is required and

the stochastic convection-dispersion model does not yet warrant unqualified

use as a tool for physically based, quantitative applications of solute
transport theory to the management of solute movement at field scales.”

In order to circumvent the fundamental difficulties of the stochastic
convection-dispersion approach discussed in the previous paragraph and to
deal at the same time with the problem of prediction uncertafnty caused by
data Iimitations, Smith and Schwartz (1981) (see also Dagan, 1984) have
suggested the use of condftional simulations, a technique originally
developed in the field of geostatistics (see, e.g., Journel and Huijbregts,
1978). Recent developments in the application of geostatistical estimation
methodology 1n the groundwater field (Kitanidis and Yomvorfs, 1983; Hoeksema
and Kitanfdis, 1984) make this approach promising. The geostatistical
cenditional simulations approach allows one to make direct use of al1 the
avatlable field data in solute transport predictions for a given aquifer,
and also to provide estimates of the uncertainty in these predictions,
Using this technique, the known features of the aquifer and the flow are
taken fnto account in a deterministic manner while the unknown features are
approxfmated and dealt with in a probabilistic manner. A major difference

be
tween this approach and the stochastic convection-dispersion model is that

the geostatistical methodology takes into account the actual spatial
variations of aquifer properties by conditioning the simulations on the
available measurements while the aforementioned stochastic models make use
of the available data only to estimate the statistical structure of the
assumed aquifer collection {ensemble). In fact, the results provided by the
stochastic models referred may be viewed as being equivalent to the averages
of the results which would be provided by unconditional simulations of the
geostatistical approach. Due to the lack of conditioning, considerable
uncertainty may exist in the predictions of the stochastic models when
compared with the predictions of conditional simulations as indicated by the
results of Smith and Schwartz (1981) and Giiven (1586), While the
geostatistical approach does appear promising in dealing with problems of
sotute transport, it is presently at an early stage of developwent and
considerable theoretical work, improved numerical procedures, irproved field
measurement techniques and field verification studies are needed before any
routine application of this approach in the field would be practical. 1In
the meantime, interim approaches are required to advance our capabiltity of
modeling solute transport. More will be said about one such interim
approach later,

The Mechanisms of Dispersion

In order to improve our capability of modeling solute transport, it is
very important to understand the major physical mechanisms which affect the
evolution and probable future of an existing groundwater contamination plume
or the future course of an anticipated plume, The catch-all name given to

the spreading of a contaminant in groundwater is dispersion, a term which is



familiar to almost everyone. MHowever, as {1lustrated in Figure 1, many
different phenomena contribute to the dispersion process in aquifers, The
horfzontal extent of the hypothetical tracer plume in Figure 1 {s determined
mainly by the elapsed travel time and the difference between the maximum and
minimum values of the horizontal advective velocities, These velocity
varfations result primarily from the varfations of hydraulic conductivity.
Dilution within the plume and along the plume boundaries 1s caused by
pore-scale mixing {local hydrodynamic dfspersiop) due in part to molecular
diffusion, velocity varfations withir. each pore, and the overall tortuosity
of the flow path. In the hypothetical sftuation depicted tn Figure 1, there
is an overall trend of hydraulic conductivity increase from the top towards
the bottom of the aquifer. Four minor trends, resulting ;n hydrauiic
conductivity peaks in both the upper third and bottom third of the aquifer,
are evident also, with the lower peak being more pronounced. The plume
concentration distribution is determined to a Yarge extent by these trends.
In addition, there are "wobbles" in the concentration distribution caused by
seepage velocity companents in all‘directions at a scale smaller than the
scale of the minor trends noted above. Thus the actual concentration
distributfon of the plume {s determined by a combination of strata-scale
advective effects arising from the nonun{form velocity distrfbution and
pore-scale mixing effects caused by the concentration differences within the
plume and the basic nature of pore-scale flow. This pore-scale effect is
most pronounced at the plume boundaries because the concentration gradients
are largest there. In addftion, wobbles {n the concentration distribution
at an intra-stratum scale could, after a sufficient travel time, result in a
type of semi-local mixing, which some researchers have called macro-

dispersion (Gelhar and Axness, 1983}, As the plume travels further
10

downstream, the concentration gradients in the tramsverse direction would be
gradually smoothed out due to both hydrodynamic dispersion and seepage
velocity components in the transverse direction and a somewhat well-mixed
cond{tion would develop at each streamwise station over the whole depth of
the aquifer after a sufficiently long travel time. However, the time
required for this behavior could be very large (see, e.g., Gelhar et al.,
1979; Matheron and deMarsily, 1980; Molz et al. 1983; Gliven et al., 1984).
In many site-specific situations, such large travel times are usually not
{nvolved, and variations of concentration over the depth of the aquifer are
expected to be an {mportant consideration when dealing with particular

site-specific problems.

Simulation of Advection-Dispersion Processes
Historically, the field of subsurface hydrology developed mainly in

response to groundwater supply problems. To solve such problems there was
often 1{ttle need to develop detailed fnformation concerning the spatial
variability of hydraulic conductivity within a given acuifer, Knowledge of
the average transmissivity and storativity of the aquifer was adequate along
with specification of the vertical aquifer boundaries (water table or
confining layers) and in some cases the lateral boundarfes. For these
conditions, one-dimensional, hor{zontal, transient flow in a confined
homogeneous aquifer may be written as (Freeze and Cherry, 1979)

2
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where x = length in the direction of flow, t = tive, h = hydraulic head, S =
storativity and T = transaissivity. Typically, the average S and T values
would be determined by a pumping test utilizing fully-screened, fully-

penetrating pumping and observation wells (Freeze and Cherry, 1979).
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More recently, when societal trends shifted from groundwater supply to
groundwa ter contamination problems, it seemed logical to work with the
contaminant transport versfon of equation (1), For steady horizontal flow
but transient (time changfng) dfspersion of a conservative solute in a
confined aquifer, this equation 1s gfven by (Freeze and Cherry, 1979)
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where ¢ = solute concentration, Y = ynfform seepage velocity and DL = Jongi-
tudinal dispersion coefficient. DL 1s given by the product o ¥, where o is
the longitudinal disperstvity, which represents the random local mixing
properties of the aquifer, But what happens 1f one attempts to blindly
apply equation (2) to the situation depicted in Figure 1? First of all, one
would have to work with some average horizontal velocity, ¥V, an average
concentration, ¢, and some type of apparent or effective dispersion coeffi-
cient, Df. which we will call the “full aquifer” dispersion coefficfent.
WNith these assumptions, solutions of equation (2) would predict tracer
distributions similar to those shown {n Figure 2, Comparison of the
predicted distributions (which, as a result of the assumptions are uniform
in the vertical directfon) with the more realistic distribution (Figure 1B)
shows this approach to be generally unsatisfactory. A lot of useful
information has been lost by not incorporating the vertical distribution of
hydraulic conductivity, This example highlights the problem that results
when attempting to solve groundwater contamination problems with approaches
found to be useful in water supply problems. Two-dimensional versions of
equatfon (2) are the so-called areal advection-dispersion models; they are

based on the same vertically-averaged approach and thus suffer from the same
Timitations,
12

If one considers explicitly the vertical variation of hydraulic conduc-
tivity for the transport problem {1lustrated in Figure 1 with flow, V(z),
parallel to the stratiffcatfon in a horizonta) stratified aquifer, the

governing equation becomes {Molz, Glven and Melville, 1983)

2
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where ¢ = ¢(x,z,t) = concentration distributfon, z = vertical coordinate, DT
- aTV(z) = transverse (vertical) dispersion coefficient, D, = uLV(Z) =
longitudinal dispersion coefficient, ar = local transverse (vertical)
dispersivity and o = local longftudinal dispersivity. If DL is small, as
{s often the case (Pickens and Grisak, 1981), one can neglect, without much
error, the local longftudinal mixing term in equation (3) which leaves

(Glven et al,, 1984)
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While the local longitudinal mixing term may be neglected, the local
transverse mixing term has a very important influence on the solute
spreading, particularly at intermediate and large times (Molz et al., 1983;
Giiven et al, 1984). Noting that by identity V(z) = V 4 (V(z) - V), one can

write equation (4) as

e V3 - L 02D - (V-DS - I3 0D - (- (5)

In this form it is particularly 11luminating to compare equations (2) and
(S), because one can see in mathematical/physical terms an implication of
the discrepancy {1lustrated graphically in Figures 1 and 2. 1f one forces

equation {2) to fit a dispersion process properly described by equation (5),

then the full aquifer dispersion term will have to model solute spreading
13
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due to a combination of local mixing, DT(z)ac/az. and differential advec-
tion, (V(z)-V)c. Combining Tocal mixing and differential advection within a
single dispersion term is not reasonable physically and not strictly
possible mathematically, as discussed by Molz, Giiven and Melville (1983) and
elaborated in more detail by Giiven, Molz and Melville (1984). The overall
approach makes the full-aquifer dispersivity, °f' sca]e-dependgnt, which
means that it is not a unique property of the aquifer or of anything else in
particular., The full-aquifer dispersivity simply becomes a parameter used
to fit equation (2)-type solutions to vertically-averaged concentration dis-
tributions when the desirable information concerning hydraulic conductivity
profiles is not avaflable. Not only is the fit often poor, but the
numerical size of such “fitted® dispersivity values {is usually several
orders of magnitude larger than laboratory measurements of true hydrodynamic
dispersivities (Pickens and 6risak, 1981; Anderson, 1983). This suggests
that the differentfal advection arising from the overall hydraulic
conductivity distribution plays a major role in the dispersion process.

These remarks are not provided simply to discredit areal advection-
dfspersion models because such models have been applied productively.
However, the fitting process assocfated with the identification of full-
aquifer dispersivity values means that the use of such models as truly
predictive tools is highly questionable. Their success to date has been
severely limited by the non-unique and 111-defined nature of the
full-aquifer dispersivity. Partly because of this, examination of
down-gradient impacts of a contaminant plume usually requires ma jor
re-calfbration of 2 full-aquifer model developed for the local site.

Despite these limitations, areal advection-dispersion models continue to

serve a useful purpose because of the lack of adequate and practical field
16

techniques for determining the hydraulic conductivity distribution. Only
recently have experiments with the objective of measuring vertical
distributions of horizontal hydraulic conductivity been performed (Pickens
and Grisak, 1981; Molz et al., 1985, 1986). Thus the required instrumenta-
tion and testing techniques are neither fully developed nor widely
available. In the absence of vertically-distributed data, one has no choice
in a modeling sense but to use some type of vertically-averaged advection-
dispersion approach bufit around full aquifer dispersivities. However, we
belfeve that much more can be done with exiéting frstrumentation and
techniques than is typically done during field fnvestigations of groundwater
contamination incidents. e
As supported by the previous arguments, it 1s likely that any real
advance fn our ability to simulate the contamfnant dispersion process in
aquifers will have to be built upon more detailed measurements of hydraulic
conductivity and head distributions so that the advection field is defined
in more detafl. It s particularly important to move away from the exclu-
sive use of vertically-averaged aquifer properties and flow variables.
Recently, we have performed single-well and two-well tracer tests at a site
near Mobile, Alabama with the objective of measuring relative travel time
distributions across the vertical dimension of an aquifer, assuming
horizontal fiow on the average. We conducted those experiments because
tracer tests provide the most definftive data with which to infer hydraulic
conductivity distributions. A major purpose of this communication is to
describe these tracer tests and testing procedures and to discuss some

inant
practical implications of the results with regard to modeling of contaminan

dispersion in aquifers.
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Types of Tracer Tests

It is generally agreed that tracer tests are currently the most relfa-
ble field methods for obtaining data to describe dispersion in groundwater.
Most tracer tests can be placed fn two major categories--natura) gradient
and forced gradient, As the nsme fmplies, natural gradfent tests involve
varfous means of placing an inert, non-adsorbing chemical (tracer) in an
aquifer and allowing it to move with the natural groundwater flow (Sudicky,
Cherry and Frind, 1983). Stanford University, in cooperation with the
University of Waterloo, has recently completed a detailed natural gradfent

test soon to be reported in Water Resources Research, Herein we are con-

cerned mainly with forced gradient tests which employ pumping wells
(injection and/or withdrawal) to move a tracer through the test aquffer,
Normally, the selected pumping rates are such that the resulting hydraulic
gradfents are much larger than the natural gradient. For this reason,
forced gradient tests are much shorter in duration than natural gradient
tests. The most common types of forced gradient tracer tests are single-
well tests and two-well tests. Over the past two years, both types have
been performed at the Mobile site (Molz et al,, 1985, 1986), and both types
have been studied {n some theoretical detaf! relative to their analysis and
interpretation in stratified aquifers iGﬁven et al,, 1985, 1986), The
stratified aquifer assumption represents the simplest aquifer idealfzation
having a horizontal hydraulic conductivity distribution that depends on the
vertical coordinate (Guven, Molz and Melville, 1984),

Shown in Figure 3 {s a typical configuration for a single-well test.
The term "single-well” represents the fact that only one puping well fis
required fn order to perform the test. As detailed in Guven et al. (1985),

an observation well with multilevel samplers {s required in order ‘to obtain
18
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tracer travel time data at several vertical positions in the aquffer. One
or more such observation/sampling wells may be used in any particular tracer
test. Actual test performance involves the injection of water having a
known concentration of tracer, Cinj(t)' in a well which is fully penetrating
and fully screened over the entire thickness of the aquifer (Figure 3).
After some time, the flow may be reversed and the tracer-labeled water
removed from the same well, although this withdrawal phase is not strictly
necessary. If there is a withdrawal phase in the experiment, the tracer

-~

concentration in the water leaving the well, Cout(t). nay be wmeasured and
recorded as a function of time to produce a concentration versus time
breakthrough curve. Certain other useful informatfon may be obtained also
such as the percent of injected tracer that is recovered,

In a laterally isotropic, homogeneous confined aquifer or in a per-
fectly stratified confined aquifer, the flow during the single-well test is
horizontal, radially diverging during injection, and radially converging
during withdrawal. In the past, data analysis was accompl{shed by assuming
an equivalent homogeneous aquifer of constant thickness B (Fig. 3 with K(z)
constant). In such analyses, a withdrawal phase was necessary and the
concentration versus time data from the injection-withdrawal well were used
to estimate an effective longitudinal full-aquifer dispersivity (see, e.g.,
Fried, 1975; Pickens and Grisak, 1981), As mentfoned previously, we believe
that an approach which does not rely on the vertically homogeneous aquifer
assumption is more reliable for predictive purposes,

In the single-well tests to be discussed, one or more observation wells
containing isolated multilevel sampling devices are installed around the

injectfon-withdrawal well (Fig. 3). Concentration versus time measurements

are then made at the different isolated pofnts in each observatfon well
20

during the experiment. The resulting tracer travel time information may be
used to infer vertical profiles of horizontal hydraulic conductivity. Khen
a single-well test {s performed in this manner, the data from the rultilevel
observation well(s) {s what one is after. Therefore, a withdrawa) phase is
not strictly necessary but is recommended, if for no other reason than to
remove tracer from the study aquifer.

A typica) configuration and flow pattern for a two-well tracer test is
{1lustrated in Figure 4, Here there are two pumping wells because the
experiment involves the simultaneous operation of an injection well anc 2
withdrawal well, both of which are fully screened and fully penetrating over
the entire thickness of the aquifer, Water 1s pumped into the injecticn
well at a steady flow rate, Q, and {s removed from the withdrawal well,
usually at the same rate, although two-well tests have been performed in
which the flow rates in the two pumping wells were not equal {e.g., Gelhar,
1982). A conservative tracer of known concentration, Cin(t). is added at
the injection well for a period of time, tin’ and the concentration of
tracer in the water leaving the withdrawal well, Eout(t)' is measured and
recorded as a function of time to give a concentration versus time
breakthrough curve. The tracer injection period {s usually short compared
to the total time of the experiment.

Two-well tests may be carried out in either a recirculating or
non-recirculating mode. In the recirculating wode, the water pumped from
the withdrawa) well is piped to the injection well, where it is fnjected
back into the aquifer. The concentration of tracer entering the injection
well during a two-well test with recirculation, cinj(t)' will be equal to
clnj(t’ - c‘n(t) + Eout(t)' approximately, assuming that the travel time in

the pipe joining the two wells is negligible, 1In the non-recirculating
21
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mode, the water produced from the withdrawal well 1s wasted at a safe
distance from the test area, A separate water supply, usually a well {n the
same aquffer but sufficiently far from the two test wells, so that .
negligible hydraulic interference occurs, provides the injection water, The
fnjection tracer concentration in this case {s C,nj(t) = Cyult).

For the two-well tests discussed herein, observation wells containing
isolated multilevel samplers are fnstalled between the injection well and
the withdrawal well in order to sample the tracer concentration at different
elevations in the aquifer during the experiment. From the tracer arrival
times at several {solated sampling points in a multilevel sampling
observation well, the varfation of horizontal hydraulic conductivity in the
vertical may be inferred (Pickens and Grisak, 1981). As will be described
in more deta§) later, the inference assumes that the aquifer is perfectly
stratified and of constant thickness and porosity in the vicinity of the
test wells,

Design and Construction of Multilevel Sampling Wells

As explained in the previous section, the most unigque aspect of the
single- and two-well tests that we are discussing {s the use of one or more
multilevel sampling wells to obtain tracer travel time data at different
elevations in the study aquifer. This changes the objective of the tests
from attempting to determine a number for the so-called full aquifer longi-
tudinal dispersivity uf (which we believe 1s rather meaningless at the scale
of practical tracer tests) to one of gathering information about the advec-
tion pattern in the aquifer, which in most situations will dominate the
early tracer dispersion process as t1lustrated in Figure 1, (Field evidence
in support of this statement will be presented later.) Because of the
emphasis on obtaining accurate tracer travel times at fsolated elevations in

23



the study aquifer, it is vital that mult{level sampling wells be constructed
so that dependable data are obtafned. Unfortunately, a satisfactory
solution to the multilevel sampling well construction problem is not yet
available.

Shown in Figure 5 are three multilevel sampling well types. In recent
tracer tests with which the authors are concerned, various versions of type
1 have been attempted. Type I and related types have appeal because of the
convenient vertical location of the sampling zones, and the potential
economy of installation. I1lustrated in Figure 6 is the multilevel sampling
system described by Pickens et al. (1978) and later used in single- and
two-well tracer tests (Pickens and Grisak, 1981). The system was designed
for shallow water table applications and was usvally forced into position
using a high pressure water jet (Pickens et al., 1978). Identical or
similar systems have been utilized or tested by other research groups
{Stanford University, Tennessee Yalley Authority, personal communications).
For the Pickens et al, (1978) system to perform acceptably, the study
aquifer must collapse around the sampler and make good contact so that
spurfous high vertical permeability pathways are not created along or near
the aquifer-sampler boundary (Fig, 14). Apparently, this was not a problem
in the clean sandy aquifer studied by Pickens and Grisak (1961). However,
in more cohesive aquifers with lower vertical hydraulic conductivities and
higher vertical head gradients, problems have been observed (Tennessee
Yalley Authority, personal communication).

Mcltyaner and Killey (1986) have developed an automated multilevel
sampling system designed for use with radioactive tracers. This system,
which uses a dry access well monitoring technique, {is illustrated in Figure

7. With this arrangement Moltyaner and Killey (1986) made the equivalent of
24
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750,000 point measurements using computer-controlled probe placement and
data aquisition, which 11lustrates one of the tremendous labor-saving dvan-
tages assocfated with the use of radfoactive tracers.

Presumably, the dry access tube(s) could be implaced using a variety of
drilling techniques, 2ach of which would have a different effect on the
tube-aquifer boundary. If the tubes were jetted intoc the study aguifer or
placed fn auger holes with the idea of having the formation collapse around
them, then the same potentia) verticai leakage problem discussed previously
would seem to exfst. If thick driiling mud were used, however, and the
access tube placed 1n a mud-11ned hole, ft would seem that the potential for
spurious vertical leakage would be diminished greatly.

Molz et al. {1985) describe the design and construction of a multilevel
sampling well system for use with chemical tracers in a variety of confined
and unconfined aquifers. The actual sampling system is not perfccted and
should be viewed as a prototype., However, it appeared to work in a satis-
factory manner at the Mobile site.

As shown in Figure 8, the screeped portions of the multilevel observa-
tion wells are not of a standard desfgn. The screens themselves are com-
posed of 91 cm (3') slotted sections alternating with 213 em (7') solid
sections. Although S slotted sections are shown in Figure 8 for purposes of
11lustration, the actual screens contained 7 slotted sections,

As also shown in Figure 8, a 5.1 cm (2") diameter PVC insert was
constructed with slotted and solid portions that matched with those of the
observation well screen. The insert was designed to hold any wires, tubing,
or instrumentation that tltimately would be placec in an observation well,
Composed of threaded 3.05 m (10') sections, the inserts extended all the way

to the land surface. In order to {solate the various sampling zones, the
28
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inserts were fitted externally with cy!indricalvannu1ar inflatable packers
as fllustrated in Figures 9 and 10. After the required probes, tubing and
wires were placed within the inserts, the sampling sectfons were isolated
internally with silfcone rubber plugs. The complete insert was constructed
on the surface, then placed in the well, using a crane, positioned and the
packers inflated. After installation, each isolated 91 c¢m (3') sampling
zone appeared as shown in Figure 11, A conductivity probe was placed near
the zone center, and two lengths of vacuum tubing connected the sampling
zone to the surface., This tubing could be used with per{staltic pumps to
mix the contents of the sampling zone and to obtain groundwater samples for
analysis as {llustrated in Figure 12,

In designing the multilevel sampling wells for use ;t the Mobfle site,
the drilling and well development process {1lustrated in Figure 13a,b was
visualized, After removal of the drilling equipment, the drilling mud and
disturbed aquifer materfal are mixed significantly as shown in Figure 13a.
The cleaning and development procedure then was to pump and surge the wells
until the water was clear and devofd of drilling mud and fine materfal, As
shown in case (b), Figure 13, this procedure probably left some drilling
mud adjacent to the solid casing segments and a disturbed (perhaps more
permeable) aquifer material near the slotted segments where samples were to
be collected. Such mud remnants would not be left behind (see Figure 13c)
if a fully slotted screen had been used. The potentially beneficial effects
of & partfally slotted (segmented) screen with respect to a fully slotted
screen, and a vertical leakage path possible in the fully slotted case, are
fNustrated further in Figure 14, The drilling mud remnant adjacent to the
solid portion of the screen may result in a barrier to vertical fiow that is

very desirable. For the fully slotted screen, very 1ittle mud remains after
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development and a disturbed aquifer materfal of possibly higher permeability
would result along the entire length of screen.

The most thought out and best designed multilevel sampling system from
a vertical integrity viewpoint of which the authors are aware appears to be
the multiple port system manufactured by Westbay Instruments, Ltd. of Van-
couver, B.C. In its present configuration, however, the system {s suited
for groundwater monitoring but not tracer testing which requires the ability
to sample rapidly and simultaneously from a number of elevations. Lack of a
solutfon to the vertical integrity problem valid 1n a broad range of aquifer
types coupled with the unavailability of economfc, dependable and flexible
commercial equipment 1s a major impediment to the practical application of
most types of multilevel tracer testing.

Performance and Results of Single-¥Well and Two-Well
iracer Tests at the Mobile Site

Using the multilevel sampling wells described in the previous section,
a serfes of single-well and two-wel) tracer tests were performed at the
Mobile site over the past two years. The major purpose of these tests was
te measure the tracer travel times between an injection well and one or more
multilevel sampling wells. Subject to several asstmptions to be discussed
later in this section, the resulting travel time data allows one to infer a
vertical distribution of horizontal hydraulic conductivity. We view the
experiments to be described as the simplest and most convenient tracer tests
which yfeld some information about the varfation of aquifer hydraulic
properties with respect to the vertfical posftion in the aquifer. The basic
experimental plan was to conduct a series of single-well and two-well tests
at different locations in an attempt to build up a three-dimensional picture
of the hydraulic conductivity distribution. We did not attempt to make

point measurements or nearly point measurements as was done by Pickens and
37



Grisak (1981). Our objective was to average tracer travel times over a

suitable aquifer thickness. Thus the inferred hydraulic conductivity
distribution that results may be viewed as being based on a type of spatial
average,

The project site is located in a sofl borrow area at the Barry Steam

Plant of the Alabama Power Company, about 32 km (20 mi) north of Mobile,

Alabama. The surface zone is composed of a low-terrace deposit of Quater-

nary age consisting of interbedded sands and clays that have, 1n geologic
time, been recently deposited along the western edge of the Mobile River,
These sand and clay deposits extend to a depth of approximately 61 m (200
ft) where the contact between the Tertiary and Quaternary geologic eras is
located. Below the contact, deposits of the Miocene series are found that

consist of undifferentiated sands, silty clays and thin-bedded limestones

extending to an approximate depth of 305 m (1000 ft). The study formation

is a confined aquifer approximately 21 m (69 ft) thick which rests on the
Tertiary-Quaternarty contact.

Except for the well dfameters, Figure 15 is a vertical section scale
drawing of the subsurface hydrologic system at the Mobile site. Included n
the drawing are 3 pumping wells (E1, I2 and E10) and 4 multileve)l observa-

tion wells (ES, E3, €7 and E9) all situated at approximately the same

vertical plane. (A schematic plan view showing the wells £l and 12 and the

supply well S2 is given in Figure 17). The study aquifer is well confined

above and below by clay-bearing strata that probably extend laterally for
several thousand feet or more, and the natural piezometric surface of the

confined aquifer at the test site {s at a depth of 2 to 3 m (6 to 10 ft)

below the ground surface. 1In experiments performed to date, vertical

hydraulic gradients within the aquifer have been small. A medium to fine
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sand containing approximately 3 percent silt and clay by weight composes the
main aguifer matrix at well E3, (At other locatfons in the aquifer the
fines vary from 1% to 15% by Qeight.) When E3 was constructed, moderately
disturbed cores were obtafned at 7 locations throughout the depth of the

study aquifer using a Shelby tube, The resulting particle size and

distribution data, which we believe are accurate despite the moderate
disturbance, are presented fn Table 1. Further detafls concerning
aquifer/aquitard hydraulic and otter physical properties may dbe tound in
Parr et al, (1983).

The pemping wells are constructed of 20.3 cm (8") steel casings with
15.2 cm (6") stafnless steel, wire wrapped screens and are grouted from the
top of the study aquifer to the land surface. As 1llustrated in Figure 16,
the piping and valve system associated with each pumping well is designed so
that the well can be used for injection or withdrawal of tracer solution.
In the single-well test to be reported i1n detail herein, tracer solutfon was
injected through well 12. As fllustrated in Figure 17, supply water was
obtained from a well (S2) screened in the study aquifer sbout 244 m (800 ft)
east of 2. This separation was sufficiently large so that the hydraulic
effects of S2 pumping did not affect the tracer experiments in the vicinity
of 12. Concentrated tracer solution was mixed in a 4800 Viter (1270 gal)
tank and added to the 10.2 cm (4 in) pipeline connecting S2 and 12 using a
retering pump, The pipeline travel distance from the metering pump to the
study aquifer was at least 160 m (525 ft) which was more than sufficient to
insure complete mixing of the tracer. It was assumed that the piezometric
head distribution in the injection well screen was uniform with depth since
the screen diameter was 15.2 cm (6 in) which resulted in a maximum average

vertical fluid velocity in the screen of 0,84 m/s (2.75 ft/s) (during
40

Table 1. Particle size distr
obtained during construct

{bution data for the seven disturbed cores

{on of well E3.

Percent Passing

Depth of Core Do Dag Dy lzoo(i;eve

{m) (mm) (mn) (7a)

40.2 0.46 0.3% 0.21 1.8
43.3 0.36 0.26 0.13 1.4
46.6 0.58 0.45 0.21 3.0
49.7 0.46 0.27 0.12 5.6
52.7 0.49 0.28 0.15 3.5
56.1 0.59 0.44 0.26 1.2
59.1 0.94 0.56 0.19 3.8
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experiment #4). Thus the maximum velocity head was only 0,037 m (0.12 ft)

and the head losses due to friction along the 21 m (69 ft) length of screen

would be less than 0.10 m (0.33 ft), These totals when compared to the

injection head of approximately 3 m (9.8 ft) are consistent with the
assumption of constant head in the well screen interior.

As discussed 1n detafl by Molz et al. (1985), several preliminary tests
were conducted with the objective of assessing the vertical integrity of the
multilevel sampling wells and the effect of mixing the water within each
sampling zone which was approximately 0.91 m (3 ft) high. It was concluded
that sample zone {solation was adequate for tests which were to follow,
There was a significant difference between breakthrough curves at the seven
sampling zones depending on whether sample zone mixing was induced. There-
fore, 1t was concluded that mixing within each {fsolated sampling zone is
desirable. For a sampling zone of finite length ft is possible for the
tracer to enter the zone anywhere along the slotted length and then be
recorded depending on unknown natural mixing and probe position. Imposed
mixing forces an integration effect causing tracer concentration to be more
representative of the entire length of the sampling zone, (This relates
back to the moving average concept discussed previously.) Without imposed
mixing, the effective sampling length in the vertical direction {s unknown,
Single-Wel] Test

The first complete single-well tracer test conducted at the Mobile site
was labeled “experiment #4" and utflized the multilevel sampling well E£3
(Figure 15). To start the experiment, supply groundwater without tracer was
injected into 12 until the inft{al transients disappeared and 2 steady
injection rate resulted (approximately 2 hours). Then at time zero tracer

was added to the injection water, and the actual test initiated. Shown in
44

Figure 18 are the bromide concentrations measured in 12 (injection/
withdrawal well), while the concentration breakthrough curves measured in | X)
(multilevel sampling well) are shown in Figure 19. (Water samples were
obtained from the injection/withdrawal well using a faucet in the pipeline.)
puring the experiment tracer solution at an average concentration of 242
mg/) was injected at the rate of 0.915 m3/min (242 gpm) for the first 32
hours. This injection rate, without tracer added to the water, was
maintained for the next 22 hours at which time injection was halted, One
hour and 15 minutes later withdrawal pumping was initiated at the rate of
1.19 m3/min (314 gpm) and continued for two weeks so that virtually all
tracer was removed from the system, Note that Figure 18 contains both
injection and withdrawal data while Figure 19 contains only injection
breakthrough data.

Table 2 contatns the time for 50% of breakthrough for each level based
on the electrical conductivity measurements for experiment #4 shown in
Figure 20 and the concentration data shown in Figure 19, With the probable
exception of level 1, the concentration data look quite good. On the
average, the arrival times based on electrical conductivity lag those based
on concentration by about 2 hours. (We will refer to this as the " two-hour
rule” later on.) This is largely due to the fact that the electrical
conductivity of the supply water, which is ultimately mixed with tracer, is
Jower than that of the native groundwater in the vicinity of 12 by about
163, caused in part by water chemistry changes induced by previous aquifer
thermal energy storage experiments at the same site (Molz et al., 1983).
Thus as the tracer solution approaches 2 conductivity probe, the reading
will decrease fnitially even though the bromide concentration is increasing.

The net effect of this {anteraction {s to cause the electrical conductivity
45
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data to overestimate the actual mid-rise arrival time. Presumably, this
could be corrected by adding additional fons, other than bromide, to the
supply water, However, we did not attempt this because the probe recordings
were used mainly to orient ourselves qualitatively as to what was happening
{n the subsurface. Ultimately, calculations of normalized hydraulic
conductivity were based mainly on arrival) times deduced from concentration
data measured in the laboratory. The results of both are shown in Table 2
mainly for comparison and information purposes.

Tracer travel time data alouc does not enable one to calculate an
absolute value of hydraulic conductivity., To calculate such a value for the
general nonhomogeneous case, one must know the flow path, porosity and
hydraulic head distributfon along the flow path {n addition to the trave)
time. 1t was not feasible to measure all these quantities during our tracer
tests. However, 1f one approximates the real squifer in the test vicinity
with a perfectly stratified aquifer of constant porosity and hor{izontal
Yayering, then for a fully penetrating fnjectfon well the Darcy velocity at
the elevation of each sampling zone will be horfzontal and proportional to
the hydraulic conductivity at that level, Thus the following equations can
be written

2
Ky = 8(RIV,(R) = § B(RIR/t = 15{% (6)

where K' = hor{zontal hydraulic conductivity at the 1th level, 8(R) =
¢/{dh/dr) where ¢ 1s the porosity and dh/dr is the hydraulfc gradient at
radfus R, vy = seepage velocfty at the {th level, R = constant radial
distance between the {njection well and a particular multilevel sampling

well, t1 = tracer travel time between the two wells at the ith level, T =
50

aquifer transmissivity, and Q = {njectfon flowrate, At any particular
Tevel, t, 1s taken as the time between the start of tracer injectfon and
when 508 of breakthrough occurs. In any given experiment there will be a
ninisum arrival tise, tain® which corresponds to the layer with the largest

hydraulic conductivity, K., and from equatton (6)
1 7
K"x 'y I(R)R/tmln (7

Forming the ratio of equations (6) and (7), one arrives at what can be

called the normalized hydraulfc conductivity

Ky . tein @)
max 1

It fs also possible to calculate the ratio Kili - ilt'. where the "bar”
notation {ndfcates average values (Pickens and Grisak, 1981). R could then
be equated, as a first approximatfon, to the hydraulic conductivity obtained
from a fully penetrating pumping test, as K = T/8 where T is the trans-
sissivity and B is the aquifer thickness. This would enable explicit values
to be calculated for each K,.

We would 1ike to re-emphasize that the simple equations {(6) through (2)
all result from the “stratified aquifer” approximation which many hydrolo-
gists may consider too {dealized to represent a real aquifer. There is
certainly some merit to this viewpoint. However, the only other practical
alternative that we see at the present time is to make the usual assumption
of a homogeneous or statistically homogeneous aquifer and go after a full-
aquifer dispersivity which, as discussed in the introduction, fs a much

worse approximation. More will be said about this later.
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Based on equation (8), Figure 21 resulted which is a plot of normalized
hydraulic conductivity (K/Kmax) as determined from the concentration data of
experiment #4. Since the concentration data for Yevel 1 are not consistent
with that from the other levels (perhaps a tubfng leak?), we used the
electrical conductivity data and the 2-hour rule {see page 22) to provide an
improved estimate of the level 1 relative permeability. At this level the
electrical conductivity data were normal in appearance and resulted in the
level 1 value on the curve shown in Figure 21. The results displayed
{ndicate the presence of a high permeability zone in the bottom third of the
aquifer, along the line connecting E3 and 12. This result is consistent
with the findings from previous thermal energy storage experiments at the
Mobile site which indfcated the presence of a high permeability zone,
although at a slightly higher elevatfon in the aquifer (Molz et al., 1983;
Buscheck et al., 1983).

In displaying the data of Figure 21, it was decided to simply draw
straight 1ines between the points where hydraulic conductivity was known or
measured. In doing this use was made of nine points--the top and bottom of
the aquifer, where the clay confining layers force the permeability to

essentfally zero, and the seven sampling points where tracer travel times

were recorded.

Two-Well Test

As described previously, a two-well test may be used with one or more
multileve) sampling wells to obtain tracer travel time information similar
to that obtained with a single-well test. However, the two-well test {s
generally performed on a larger scale and, therefore, is more time
consuming, At the Mobile site our single-well tests lasted about 5 days,

while the two-well tests required 30 to 35 days followed by a month or more
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of withdrawal to remove all remnants of tracer. Generally speaking, single-
well tests are suited for relatively low cost but smal) scale hydraulic
conductivity measurements because only a single pumping ueil 18 required. A
two-well test {n the non-recirculating mode requires at least 2 pumping
wells but provides the advantage of being able to move water relatively
rapidly over larger travel distances.

Another aspect of a two-well test which was exploited in the present
study fs that {t offers a convenfent vehicle for testing tracer transport
prediction capability, 1In several of our experiments at the Mobile site we
chose to employ the single-well test as » means for inferring the hydraulfc
conductivity distribution in a relatively small aquifer regfon between an
injection well and a muitflevel observation well (maxfmum tracer travel
distance of 5.5 m (18 ft)), The two-well test was then used to test
predictions over a relatively large aquifer regfon (minimum tracer travel
distance of 38.3 m (126 ft)) based on the vertical distribution of
horizontal hydraulic conductivity inferred from the single-well test. This
procedure helps to define what s actually being measured during a
single-well test and over what travel distances such a measurement might
have meaning. It also provides valuable insight concerning fundamenta!
properties of the flow fleld which was established during the experiments.
Predictions of two-well test outcomes based on single-well test results are
discussed in the next sectfon entitled “Computer Simulation of Single-Well
and Two-Well Test Results."

At this time in the project, 2 two-well tests have been performed at
the Mobile site. The patrs of pumping wells used {n the first and second
tests, respectively, were E1-12 and 12-E10. Both tests were done in the

non-recirculating mode with £1 and 12 used as injection wells in the first
54

test and second test, respectively. Herein, only the £1-12 test will be
described in detail,

Preparation for the executfon of a two-well test is similar in
philosophy to that for a single-well test. The first step is to establish
the flow field between the 1njection and withdrawal wells using groundwater
without tracer. As {llustrated in Figure 17, the piping between El and 12
was valved off, and & pump 1n well S2 was used to inject water into El.
Simultaneously, a pump 1n 12 withdrew water which was then wasted.
Discharges were measured with standard turbine-type water meters and only
minor valve adjustments were required {n order to get the injection and
withdrawa) rates essentially equal and to maintain equality throughout the
test. Following flow field establishment, tracer injection was {nftiated
simply by turning on the metering pump in the line connecting the tracer
tank to the S2-El pipeline (Ffg. 17). The E1-12 test wes performed within
the geometry f{llustrated previously in Figure 15, Both the injection well
{E1) and withcrawal well {12) have 15.2 cm (6") dfameter stainless steel
screens that fully penetrate the study aquifer. The observation wells (ES
and E3) are constructed of PVC pipe as described in the discussion of
multileve! sampling well design and construction,

The test began (tracer injection inftfated) at 9:50 AM on August 31,
1984 and continued unti) 8:00.AM on October 2, 1984. Injection and
withdrawal rates averaged 0,946 malmin (250 gpm) and, typfcally, were equal
to within less than 1%, Tracer was added to the injection water during the
first 76.6 hours of the experiment which resulted in the fnjection
concentration versus time functfon shown in Figure 22. After approximately
70 hours, tracer began to appear in the withdrawal well, As shown in Figure

23, the withdrawal concentration versus time function was complex, and
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measurable tracer concentrations persisted throughout the 32.5 day
experiment. The peak concentration occurred rather early fn the experiment
(~210 hours), and the curve had & well-defined “tafl” that was stil) 15% of
the peak value (~40 times the background value of 0.1 mg/1) when the
experiment was terminated. Computer simulations (see below) indicated that
the ta{ling was due to the late arrival) of tracer being brought to the
withdrawal well along the flow lines which follow the longer and larger arcs
between the injectfon well and the withdrawal wel) shown in Figure 4,

Throughout the experiment, data were col1éct¢d at the two multilevel
observation wells shown in Figure 15, There were seven 0.9 m (3 ft) long
{solated sampling z2ones In each well that were kept continuously mixed using
peristaltic pumps on the surface, just as in the previougly described
single-well test., The peristaltic pumps were used s1so to obtain samples
for analysis, Shown {n Figure 24 ()ines connecting dots) are breakthrough
curves for the seven fsolated levels {n well E3, The data for well E5 {s
not shown because it was Invalidated by the presence of drilling mud that
was {nadvertently left in the formation during the wel) construction process
(Molz et al1,, 1985).

A tracer trave) time analysis similar to that described for the single-
well test and embodied in equatfons (6), (7), and (8) can be applied to the
two-well test (Pickens and Grisak, 1981). When this is done, using the
experimental data in Figure 24, the normalized hydraulic conductivity
distribution shown in Figure 25 results. Although there are some
differences, this dfstribution is quite similar to that shown in Figure 21

which resulted from the single-well test,
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Depth (m)

Computer Simulation of Single-Well and
Two-Hell Test Resuits

The schematic diagram of tracer dispersfon drawn in Figure 1 represents
an advection-dominated process. One of the objectives of the research
reported in this communication is tn develop some indication of how much
information concerning tracer dispersion fs actually contained in normalized
hydraulfc conductivity distributions similar to the type determined in
single-well and two-well tracer tests subject to the stratified aquifer
approximation, Moreover, when such information is put into a mathematical
model, how much of the dispersion process due to true hydrodynamic
dispersion and other factors, such as spatial varfations of hydraulic
conductivity not allowed in the stratified aquifer assumption, is left
unaccounted for? To begin to answer this question for aquifers where the
required information is available, computer simulations for various experi-
ments were developed which explicitly considered the vertical varfation of
horizontal hydraulic conductivity as determined by single-well or two-well

tracer tests. Predictions of the computer models, which were made without

“calfbration” of any model parameters, were then compared with actual field

P p—
IRy e R,

1 .2.3.4.5 6 .7.8.9 |. results.

(K/Kmax) Simulation of Single-Hell Tests
The first fleld tracer tests studied in this manner were the single-
Figure 25. Normalized hydraulic conduccivity distribution well tests performed by Pickens and Grisak (1981), This particular test was

inferred from travel times measured durfng the

two-well cest. chosen for analys{s because of the availability of very detailed data on

hydraulfc conductivity, local dispersivity and concentratfon distritutions
from the test. The computer model that was developed is called SWAPM

(Falta, 1984; Glven et al., 1985)., It takes into account depth-dependent
advection in the radial direction and local hydrodynamic dispersion in the
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vertical and radfal directions {(Giiven et al., 1985), The model is based on
the equation given by

Koo bl 3 0,39 o

-

where r {1s the radfa) coordinate, C = C(r,z,t) fs the tracer concentration,
Ur - ur(r.x) 1s the radia) seepage velocity, Dr - D° + °r'"R' is the radfa)l
dispersfon coefficient, o, - D° + .v|ur| is the vertical dfspersion coef-
fictent, D° is the effective molecular diffusfon coefficient, and o and a,
are the radial and vertical local dispersivities,

The very detafled single-well tracer dispersion experiment of interest
was performed in a shallow unconfined aquifer. A volume of 95.6 cubic
meters of tracer-labeled water was {njected into an 8.2 m thick aquifer at a
rate of 3.2 mJ/hr for a perfod of 30 hours and then withdrawn at the same
rate. Withdrawal began fmmedfately at the end of injection, The
previousty-described samplers were located in the aquifer at observation
statfons 1, 2, 3, 4 and 6 m from the injection-withdrawal well, From the
relative tracer arrival times at different elevations in the observation
wells, a radial hydraulic conductivity distribution in the vertical
(expressed as K,/i) was calculated. Additionally, Pickens and Grisak (198%1)
estinated the local! longitudinal dispersivity at each sampling point and
found the values to be fairly constant with an average magnitude of about
0.007 m, The K/K distribution inferred from the breakthrough dats at the
observatfon well at a distance of 1 m from the {njection-withdrawal well in
test SW1 was used in the SWADM simulatfon. This profile {s shown in Figure
26. The actual unsteady injection concentration, shown in Figure 27, was
used in the simulation (Pickens, 1983, personal communication), along with

local radial and vertical dispersivities of 0.007 m., The value used for the
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radial dispersivity fs based on the observations, but the value used for the
vertical dispersivity is arbitrary and 1t was chosen simply as a possfble
upper 1imit for this quantity in this case as discussed in more detail by
Gliven et al. (1985). The effects of the well radius and molecular diffusion
were neglected. The porosity value used in the calculations was 0,38 as
given by Pickens and Grisak (1981, page 1197).

In Figures 28 and 29, the actual flow-weighted breakthrough curves from
observation wells located 1 and 2 m from the injection-withdrawal well
respectfvely (Pickens and Grisak, 1981b) are shown along with the flow-
weighted breakthrough curves calculated by SWADM. (The flow-weighted
concentration, C 1s defined as C = !g {k{z}/R)Cdz/B, where B 15 the aquifer
thickness.) In Figure 29, the wavy appearance of the computed curve for a
time greater than about 10 hours {s due to the unsteady injection
concentration used in the simulation. The experimental concentration versus
time data measured at the injection-withdrawal well fs shown in Figure 20
along with the results of the SWADM simulation using the unsteady input
concentrations. The early part of the experimental data seems to show 2
large amount of scatter; however, this part of the curve is closely modeled
by SWADM using the actual unsteady injection concentration. The later part
of the breakthrough curve {s underestimated by SWADM. The reasons for this
are not clear., One possible contributing factor could be the presence of
small-scale, three-dimensional, very-low-permeability lenses embedded in the
aquifer, which the present mode) does not take into account. These lenses
could act as temporary storage zones for the tracer which may diffuse into
these zones during fnjection and then move out slowly during withdrawal,
leading to larger concentrations during withdrawal than predicted by SWADM.

Another possible contributing factor for the behavior noted above is that
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according to the measured data, approximately 2.5 percent rare tracer was
shown to have been withdrawn than was fnjected, While this is certainly not
a large experimental error for a field experiment (in fact it §s quite
small)}, it fs enough to have significantly changed the slope of the later
part of the curve 1f that {s where the error occurred. Since a mass balance
was not satisfied perfectly during this experiment, the net area under the
experimental curve {s greater than the area under the calculated curve.
However, in obtaining the results shown in Figures 28, 29, and 30, no "model
calibration" of any type was performed. Only parameter values measured by
Pickens and Grisak (1981) were utilized. The resulting curves represent
very accurate simulations which {ndfcate an advectfon-dominated dispersion
process with local dispersivities approaching those measured in the
laboratory. As also discussed fn more detail by Molz et al. (1983) and
Guven et al. (1984), it is clear that if a2 full-aquifer dispersivity were

calculated from these data ft would not represent a physical property of the

aquifer,

Simulation of Two-Well Tests

To date, simulations have been performed for two separate two-well
tests, the Pickens and Grisak (1981) test and the Mobile test described in a
previous section. Only the Mobile two-well test sfmulatfon will be pre-
sented in detail because the conciusions are similar to those that result
from simulation of the Pickens and Grisak (1981) test but are somewhat more
significant because of the larger scale of the experiment.

In our simulation of the E1-12 two-well test we chose to employ the
single-well test as a means for inferring the hydraulic conductivity
distribution in a relatively small aquifer region between the Tnjection well
and a multflevel observation well. The two-well experiment was then used to
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test the prediction capabiifty over a relatively large aquifer region, based

on the vertical distribution of hydraulfc conductivity inferred from the

single-well test shown fn Flgure 21, Th¢g procedure helps to define what is

sctually deing measured during & stngle-well test and over what travel

distances such a measurement mfght retain some meaning, 1t also provides

insight concerning fundarenta] properties of the flow fields which were

established at the Mobile site during the varfous tests.

Two separate and {ndependent models were

used to sfmulate the results
of the two-wel) test,

Under contract to Auburn Unfversity, GeoTrans, Inc.,

developed three-dimensional advection-dispersion model that took advantage

of our particular geometry (Huyakorn et al., 1986z, 1986b). The aquifer was

divided vertically fnto 12 layers of varying thicknesses (Table 1),

depending on the rate of change of the

relative hydraulfc conductivity
distribution,

and flow between the fnjection and production wells was

assumed to be stratified, steady and horizontal within each layer. The

advection pattern for such a situation 15 well known (Davis

and Dek{iest,
1966, p. 209), so the Darcy velocity,

U, could be calculateqd at any

particular point within the 12-layer system (Huyakorn et al., 1986a, 1986b),

Given the known velocity distributiun. the advect!on-disperslon equation was

solved usfng & fin{te element approach (Huyakorn et al,, 1986b) with the

governing equation written in three-dimensiona} curvilinear coordinates

where s and n are the coordinates along and normal to a local
streamline, and 2 is the vertical coordinate,

{(s,n,2),

In this system the

transformed advection-dispersion equation {s given by

-
o

1 3 1 2 ic ] 3cy _Yac _ac
T a8 3e) ¢ gm0, 3+ 3 0, 38 - M w0 0o
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for their
- ters supplied to GeoTrans, Inc.
T.b‘;-:inczz?o::}15::::ag=:::.blsed o:pthe advection-dispersion equation.

(Normalized Hydraulic Conductivity Distribution)

{zed Cond.
Layer Normal
W e o.M
204 = 2.40m g'gi
12 17.97 2.46 0.34
1 15.62 2.24 0.38
18 13.37 2,25 0.48
3 11.50 1.50 0.57
8 10.00 1.50 0.51
? 3'50 1.50 0'44
6 350 1.50 0.1
5 5 50 1.50 1,00
4 4.00 1.50 0.55
3 2.50 1.50 025
2 0.87 1,75 .

(Additional Parameters)

0
nal dispersivity..oociveecrrcnnnnecenns
gggglszg:e (horigonta1) d1spersiv1ty.........::. g
Transverse (vertical) dispersivity......‘....'.. 9
Tracer injectfon time...c.vvcuvnvennncncnes H
1
0
0

Total injec::on ti?:é....................:::::::
~hatf well spacing....cecvecvevnnecnne o

g::iﬂ: of fnjection and production wel1s....._'.

Injection and production rates......coeeeeesse

vevees 0.35
Porosity.ﬁi.ia.;;.....................::... ..... ilig_g mz/s
r thickness....ooucorsasnrocenes -y
ag¥:£:lar diffusion coeffictent...............

Fully penetrating
Screen location (Injection well).......... Fully penetrating

cation (Withdrawal well)......... ..: N premeng,
ggrzzzelention well coordinates........c..oeeenee (X
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where Ds' Dn and Dz are principal components of the hydrodynamic dispersion
tensor n the longitudinal, transverse and vertical directions, respective~
1y, and hl and h2 are the scale factors of the curvilinear coordinate system

(Huyakorn et al., 1986a). The dispersion coefficients are defined as

Dg = o  U/e +D, (11a)
Dp = ay U/e (11b)
Dz = @ U/e + Do (11¢)

where °, is the vertical dispersivity, and U is a function of s, n and z.
Solution of equation (10) enables one to predict the tracer concentration in
the production well as a function of time and also the tracer ccrcentrations
as functions of time at each level in the multilevel observation well E3.
The actual information supplied to GeoTrans is 1isted in Table 3. The
Cartesian coordinates 1isted are based on Figure 4.

The second model used to simulate the two-well test is called the
two-well advection model (TWAM) and was developed at Auburn University
(Falta, 1984; Giiven et al,, 1986). A Lagrangian solution method is used in
this model based on the travel times of tracer along various flow lines from
one well to the other, In this model, 1t is assumed that the aquifer s
horizontal, confined, of constant thickness and porosity, and perfectly
stratified in the vicinity of the test wells. TWAM takes into account the
depth-dependent advection in the horizontal planes, but neglects completely
any local hydrodynamic dispersion. Thus any simulations resulting from
application of TWAM will yield dispersed concentration distributfons based
solely on differential advection, which is also called shear flow (Fischer
et al., 1679).

Shown in Figure 31 are the results of the 3-dimensional dispersion
simulation and the advection simulation using the model called TWAM (Given

et al.,, 1986). Both models do a remarkably good job of predicting the
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Results of various simulations of the two-well test.

Figure 31.

“calibration" or curve-fitting of any type was used.



recovery concentratfons during the two-well test. Since the two independent
predictions agreed quite well, one can conclude that local hydrodynamic
dispersion played a very minor role in determining the time distribution of
tracer concentration fn the withdrawal well. The entire experiment, which
involved estimated travel distances over individual flow paths ranging from
38.3 m to about 90 m in the most permeable layer, was highly advection-
dominated. The dominant role of advection in the two-well test was also
noted earlier by Hoopes and Harleman (1967) for the case of a homogeneous
aquifer,

We would like to emphasize that no prior calibration was done in order
to arrive at the results shown in Figure 31, Al) of the information
supplied to our subcontractor is 1isted in Table 3, They did not know the
result of the experiment they were attempting to simulate. With the excep-
tion of the dispersivity values and the porosity, all of the information
contained in Table 3 was measured directly in the field or calculated from
field measurements. The dispersivity values were chosen arbitrarily to have
relatively small finite values because the 3-D model would develop numericatl
dispersion and/or excessive CPU time problems if the dispersivity got too
close to zero. Porosity was measured in €he laboratory on disturbed core
samples obtained from well E3 during drilling operations. The seven samples
were compacted lightly and the porosity measured based on the determination
of solids specific gravity and saturated water content. The average for
well E3 was 0.41. It was reasoned that this value would 1ikely be higher
than the undisturbed in-situ values, so an effective porosity of 0.35 was
chosen prior to any simulations. The 3-D model result in Figure 31, based

on the 0,35 porosity value, was obtained from a single computer run which
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required 8.5 hours of CPU time on a Prime §50-2 minicomputer (Huyakorn et
al., 1986b). Runs at Auburn University based on fdentical data using TWAM
(Falta, 1984; Gliven et al., 1986) were performed independently of the
GeoTrans run.

The calculated withdrawal concentration functions in Figure 31 were
obtained from a flow-weighted average of the concentrations along the
withdrawal well screen and thus is 2 vertically integrated quantity. A
comparison between concentration breakthrough curves measured at the 7
discrete levels of observation well E3 and those predicted by the 3-D mode
are shown in Figure 24. At levels 2, 4, 5, and 6, the agreement is good,
while at levels 3 and 7 1t is poor. A valid comparison cannot be made at
level 1 because of an apparent leak in the tubing used to obtain the level 1
samples (Molz et ;1., 1985). The mixed results of Figure 24 are not unex-
pected because one would not expect the normalized hydraulic conductivity
distribution shown in Figure 21 to remain éomp1ete1y invariant in a fluvial
aquifer over the 38.3 @ separation between the injection and production
wells. However, it is significant that the integrated prediction (Figure
31) remains quite good.

The prediction of concentration versus time in the withdrawal well is
sensitive to the normalized hydraulic conductivity distributfon. Shown in
Figure 32 is the withdrawal concentration breakthrough that would result if
one assumed a homogenecus aquifer with a normalized hydraulic conductivity
of unity.throughout. In such a situation, one would observe a longer travel
time for the first arrival of the tracer at the withdrawal well and a much
higher peak concentration than was realized during the actual experiment.
However, the general behavior of the tail of the curve does not appear sen-

sitive to the details of the normalized hydraulic conductivity distribution.
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Figure 32, Calculated tracer concentration versus time in the withdrawal
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no local dispersion{circles)shown together with the results
of the present two-well test (full line).
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A good fit to the data results if one assumes a full-aquifer longitudinal
dispersivity of 4 m (Huyakorn et al., 1986b).

Further understanding of the implications of the data and computations
contatned fn Figures 24 and 31 can be obtained by selectfng a normalized
hydraulic conductivity distribution so that the computed and measured
breakthrough curves of Figure 24 are made to agree with each other as far as
peak arrival times are concerned. (Essentially, this is equivalent to using
the two-well test ftself to estimate the normalized hydraulic conductivity
distributfon.) This was discussed previously, and the distribution shown in
Figure 25 was obtained. There is not a- tremendous difference between the
normalized hydraulic conductivity distributions shown in Figures 21 and 25,
but the Figure 25 conductivity values in the upper half of the aquifer are
smaller. A TWAM simulation of the withdrawal well concentrations based on
the Figure 25 distribution {s shown in Figure 33, MWhile the rising 1imb of
the breakthrough curve is not simulated as well, there is closer agreement
between the data and computations for the faliing 1imb than was obtained
previously (Figure 31) using the normalized hydraulic conductivity distribu-
tion shown in Figure 21. Overall, the simulatfons shown in Figures 31 and
33 are of comparable quality.

The single~wel) and two-well test simulations discussed in this section
pertained to different aquifers in widely separated locations. The
single-well test was performed in a clean, sandy, glaciofluvial aquifer in
Canada, while the two-well test was performed in a fluvial, low-terrace
deposit containing sand with apprecfable amounts of clay. Both simulations
were quite accurate in an integrated sense and consistent with an advection-

dominated {shear flow) dispersion process. When advection was considered
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explicitly, large, scale-dependent, full-aquifer dispersivities were not
required.
Discussion and Conclusfons
In the recent past, some hydrologists advocated the use of single-well
or two-well tracer dispersion tests as a means for measuring full-aquifer
Tongitudinal dispersivity. However, our analyses of single- and two-well

tests in stratified aquifers indicate that {f this is done, the resulting

nusber wil) have 1ittle physical meaning. In the case of single-well tests,

the full-aquifer breskthrough curves measured in observation wells are
determined mainly by the hydraulfc conductivity profile in the region
between the injection-withdrawal well and an observation well {f the travel
distance between the injection-withdrawal well and the observation well {s
typical of most test geometries. Thus, {nformation about the conductivity
profile s necessary for meaningful test interpretation. The relative
concentration versus time data recorded at the injection-withdrawal well
1tself 1s primarily a measure of the combined loca) and (perhaps?) semi-

local dispersfon which has taken place during the experiment. Of course,

the effects of such dispersion will depend 1n part on the hydraulic
conductivity distribution in the aquifer, and in part on the size of the

experiment. As the size of the experiment {ncreases, the effects of loca)

vertical dispersfion will become larger compared to the effects of local
radfal dispersion (Guven et al., 1985),

The two-well test simulations show that the concentratfon versus time
breakthrough curve measured at the withdrawal well would be very sensitive
to variations of the hydraulic conductivity in the vertical. Without the

use of multileve) observation wells, the test would give 1ittle useful

{nformation about the hydraulic or dispersive characteristics of the
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a
quifer, such as aquifer stratification or values of local dispersivities
Facto j .
rs such as the length of the injection period, the use of recircula=-
ti
on, and the physical size of the experiment all have a strong effect on

th '
e breakthrough curve measured at the withdrawa) well, making the interpre-

tati i

on of field results difficult, unless aquifer stratification is measured
and properly taken into account {Given et al., 1986)

Based on the above observations and the large values for fu)i-aquifer
dispersivities that consistently result from calibrated areal groundwater

transport models, we believe that the following working conclusions are

warranted,

1. Local longitudinal hydrodynamic dispersion plays a relatively
unimportant role in the transport of contaminants in aquifers.
Differential advection {shear flow) in the horizental direction
is much more important.

IT. The concept of full-aquifer dispersivity used in vertically-
averaged (areal) models will not be applicable over distances of
interest in most contamination problems. If one has no choice
but to apply a fuli-aquifer dispersion concept, the resulting
dispersivity will not represent a physical property of the
aquifer. 1Instead, 1t will be an {11-defined quantity that will
depend on the size and type of experiment used for its supposed
measurement,

I11. Because of conclusion IT, it makes no semse to perform tracer
tests aimed at measuring full-aquifer dispersivity. If an zreal
model is used, the modeler will end up adjusting the dispersivity
during the calibration process anyway, independent of the

measured value,
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IV. When tracer tests are performed, they should be aimed at determin-
ing the hydraulic conductivity distributfon. Both our theoretical
and experimential work have indicated that the variation of hor{zon-
tal hydraulfc conductivity with respect to vertical posftion is a
key aquifer property related to spreading of contaminants.

Y. Two- and three-dimensional modeling approaches should be utilized
which emphasfze variable advection rates in the horizontal
direction and hydrodynamic dispersion in the transverse direc-
tions along with sorption and microbial/chemical degradation.

¥I. In order to handle the more advection-dominated flow systems
described in conclusion ¥, one will have to utilize or develop
numerical algorithms that are more resistant to numerical
dispersion than those utilized in the standard dispersion-
dominated models.

As discussed in the introduction, much of our contemporary modeling
technology related to contaminant transport may be viewed as an attempt to
apply vertically homogeneous aquifer concepts to real aquifers. Real
aquifers are not homogereous, but they are not perfectly stratified either.
Wwhat we are suggesting, therefore, is that the time may have arrived to
begin changing from a homogensous to a vertically-stratified concept when
dealing with contaminant transport, realizing fully that such an approach
wil) be interim in nature and not totally correct. However, our performance
and simulation of several single- and double-well tracer tests suggests that
the stratified approach is much more compatible with valid physical con-
cepts, and at Yeast in some cases, resulis . in a mathematical model that has
a degree of true predictive ability. Nevertheless, real-world applications

will undoubtedly require calibration, which in the stratified approach would
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involve varying the hydraulic conductfvity distributfon rather than the
Tongitudinal dispersivity, The benefit {s that when calibrating the K
distribution, one 13 dealing with the physical property that probably
dominates the dispersion process.

The change from a vertically-homogeneous to a vertically-stratified
approach will not be easy from a field measurcment viewpoint nor will 1t be
fnexpensive. The work of Pickens and Grisak (198!) and the work described
herein has devaloped some prototype technology and methodology for obtaining
the type of {nformation shown in Figure 34. This figure presents the
results of a preliminary analysis of all single-well tests to date that have
been performed at the Mobile site and analyzed fn the vertical plane shown
in Figures 15 and 34, The mean locatfons in the aquifer where the tests
took place are indicated in the bottom half of the figure.

Examination of the K/Kunx plots in Figure 34 reveal some interesting
trends. A high hydraulfc conductivity zone {n the bottom third of the
aquifer 1s evident 1n all four of the tests., A simflar high hydraulic
conductivity zone appeared {n the top third of the aquifer during the ES-El
test and the £10-E9 test, but not in the two tests conducted in the vicinity
of 12. 1If one attempted to “fit" a stratified nathemﬁtica‘ model to the
sftuation 11lustrated in Figure 34, the strict definftion of a stratified
aquifer could not be maintained. As a practical necessity, one would have
to postulate a "local™ or "quasfstratified concept” wherein flow was
generally horizontal on the average with the vertical distribution of
horizontal hydraulic conductivity gradually shifting from one distribution
to the other, There are, however, other considerations that may make the
“approximately stratiffed” 1dealization work better than expected. While

the imposed flow was observed to be locally stratified in the present
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experiments and in the experiments of Pickens and Grisak (1981), this does
not necessarily mean that the aquifer hydraulic conductivity distribution s
als0 stratified around the localities where the tests were performed; areal
variations of hydraulic conductivity could sti11 be present at each tevel of
the aquifer around a test well, However, an overall stratified Flow pattern
could still develop in a confined aquifer even 1f the hydraulic conductivity
distribution is not perfectly stratified. This {s because the flow {s
forced to be horizontal on the average in a confined aquifer, and a quasi-
stratified flow may develop along various flow paths in response to the
effective average value of the hydraulic conductivity at each Tevel of the
aquifer along the flow path, as observed in the field experiments discussed
above, This behavior seems to be supported also by the results of some
ongoing numerical solute transport experiments presently being performed at
Auburn University, 1In a three-dimensional numerical experiment in a
confined aquifer with a completely random computer-generated synthetic
hydrautic conductivity distribution, it was observed, scmewhat surprisingly,
that a quasistratified flow field developed along the entire travel path ¢f
a contaminant slug introduced numerically into the aquifer, which resulted
in considerable longitudinal spreading (shear flow dispersion) of the
contaminant plume,

A question that should be considered further relates to the practical
feasibility of performing the tracer tests required by the stratified
approach. In most situations we view tracer tests as feasibie technically
but only marginally feasible in a routine practical sense, As discussed in
the sectfon on multileve) sampling wells, the unavaflability of widely
accepted commercial equipment is a major practical impediment. However,

that problem may disappear in the near future, and the need to consider
84

vertical aquifer property varfations is very real. As illustrated by the
field work of Osfensky, Winter and Williams {1984), the use of full-aquifer
dispersion concepts to model what is essentially a shear flow dispersion
process does not result in a conservative estimate of contaminant concentra-
tions. Instead, the model induces a large amount of artificial mixing which
often leads tc an unrealfstically-rapfd dilution of a contaminant plume.
Such an 2nalysis at a site in centra) Wyoming concluded that the 1000 mg/1
sulfate contour line was located at a maximum distance of about 450 m
downgradient from the source. However, further study by Osiensky et al.
{1984) which considered the structure of the fluvfal aquifer in more detail
showed that there were portfons of the aquifer 1020 m downgradient that
contained sulfate concentrations in excess of 3000 mg/1. Occurrence of this
kind of potential mistake can be minimized only by including more
information about the actual geometry and hydrauiic conductivity
distribution regardless of whether a mathematical model s part of the
analysis. The interim stratified aquifer approach to tracer test analysis
and modeling discussed herefn fs meant to be 2 step in that direction,

One obviocus implication of our study is that any type of groundwater
contamination 2analysis and reclamation plan will be difficult, expensive and
probably unable to meet all of the desired objectives in a reasonable time
irame, This reinforces the tima-honored saying that 0.0283 kg (1 oz) of
preventfon 1s worth 0.454 kg (1 1b) of cure, which fn the case of
groundwater pollution is probably an understatement. One can not over-
emphasize the advantages of preventing such pollution whenever it is

feasible.
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