























PREFERENTIAL FLOW
IN STRUCTURED AND SANDY SOILS

by Tammo S. Steenhuis and J.-Yves Parlange

In 1980, residents of eastern Long Island
were dismayed to learn that approximately
a thousand wells, from which they got their
drinking water, had been contaminated with
Aldicarb, a pesticide used to fight the Colo-
rado potato beetle. Regulators familiar with
local conditions were as surprised as anyone,
for they did not expect the pesticide to get
into the groundwater so rapidly, nor in such
high concentration. Their conception of the
fate of pesticides was clearly inadequate.
Long Island’s problem is not unique. In
the United States, 95 percent of the rural
population depends on groundwater for
drinking, and many cities use it for all or part
of their water supply. In the Third World,
where there are as many as fifty thousand
deaths aday from diseases carried by surface
water, people are encouraged to dig wells.
However, contamination of groundwater with
agricultural chemicals is a serious threat.
Modem agriculture relies onabroad range of
fertilizers and pesticides to assure reliable
crop yields, and although integrated pest
management may reduce the amount of
chemicals needed, a total ban is not currently
feasible. A long-term hazard is involved:
once the chemicals get into groundwater,
they may remain there for hundreds of years.

PREDICTING SOLUTE DISTRIBUTION
THE CONVECTIVE-DISPERSIVE WAY
In order to advise farmers about the relative
safety of different agricultural practices, itis
necessary to predict the way in which
pesticides and fertilizers leach into
groundwater. The best way to account for all
possible soil types and climatic conditions
would be to conduct field experiments on
each farm, but this is manifestly impractical.
So methods have been developed that
simulate the way in which the water flux
carries solutes into the ground.

The approach currently used by many
soil scientists derives from the work of L. A.
Richards, whose doctoral research, published
in the first issue of Physics in 1931, formu-
lated a theory of water movement in unsatu-
rated soils. In 1956 Wiebe van der Molen
combined aspects of this model with the the-
ory of dispersive movement in an attempt to
predict the course of desalinization of land in
the Netherlands that had been inundated by
seawater. The resulting convective-disper-
sive equation assumes that water and solutes
follow an average path through the soil—
whichisto say thata given molecule, starting
at the surface, is equally likely to follow any
one of a multitude of available paths.

Typical of models based on the
convective-dispersive equation is MOUSE
(Model of Underground Solute Evaluation),
which we developed in the early 1980s. It
assumes an average flow path for water
moving through the soil, and includes a
statistical description of soil heterogeneities.
MOUSE and similar models have proven
quite satisfactory for predicting the overall
flow of water and the transport of nitrates; in
studies conducted on Long Island, the
predicted values are acceptably close to val-
ues determined by sampling (Figures 1 and
2). But studies of pesticides conducted at
similar sites failed to predict the speed with
which the contaminants penetrated the soil
(Figure 3).

The difference in predictive accuracy
results from a wide disparity in the amount of
chemicals that will cause health standards to
be exceeded. According to limits set by the
Environmental Protection Agency, nitrates
are tolerable in concentrations up to 10,000
parts per billion, which are not attained
unless more than 40 percent of the amount
commonly applied reaches groundwater.
In contrast, the maximum permissible
pesticide concentration is usually below 10
parts per billion. On Long Island, a con-















Otherexperiments make use of achamber
that allows observation in three dimensions
(Figure 7). Since the light-intensity method
cannot be employed in this situation, flow
paths are marked by water containing a blue
dye. After the water has had a chance to
penetrate the soil, the sample is frozen, and
when the loose dry sand has fallen out, the
congealed flow paths can be examined.

This line of research has shown that water
finds its way down through sandy soils in a
number of channels that we call fingers. A
poorly conducting layer of topsoil at the
surface produces a wetting-front instability.
Gravity drives the instability and surface ten-
sion has a contrary, stabilizing effect. What
happens is analogous to the dripping of water
from a sponge; the pull of gravity is opposed
by surface tension, which makes the drops
increase in size before they fall. In the case of
soils, this balance of forces determines the
diameter of the fingers.

Some fingers do not carry enough water
to keep growing, and the number of fingers
diminishes with increasing depth. In sand
that is quite homogeneous, the fingers are
nearly vertical and do not merge with one
another. If the sand is less homogeneous,
however, the fingers deviate from a strictly

“...water finds its way down through sandy soils

in a number of channels that we call fingers.”

FLOW THROUGH COARSE-GRAINED SOILS

The balance between gravity, expressed as (Q — k, ) cm/sec, and surface tension, expressed
as § 2/ (6, —6) (cm’/sec) gives the diameter, d, of the fingers. In accordance with dimensional
analysis,

S 2

d=h ———-—,
6,-0)k -0

where A is a universal number, Q is the entering flux, 8 and , are the average water contents behind
and ahead of the wetting front, S _is the sorptivity, and k = k(@ ) — k(8 ), where k(8 ) and &(8,) are the
soil water conductivities at their respective water contents. 8, can be called the water-entry value.

To solve the transport equation for the fastest growing disturbance, A is explicitly calculated with
Bessel functions for three-dimensional fingers as A =4.8. (For two~dimensional fingers, A=1.) In the
field, k tends to be much larger than Q, and for most sandy soils the quantity S */(8,—8) k_is
only a slightly increasing function of 0 . These fundamental properties imply that  is essentially
independent of both Q and the amount of water carried by the fingers, 8 , and is a property of the soil.

The distribution of water within a given finger is not uniform. Not only is there a sharp gradient at
the fingers’ surface, responsible for lateral diffusion, but even more strikingly, there is an increase of
water content with depth. This variation with depth can easily be described by solving the transport
equation for a constant velocity of finger growth, v, yielding:

k(0) v

6 1 —v'oh/ot

This equation has proven very useful in measuring soil-water conductivity as a function of the
matric potential, . Ata given position the value of 4 is measured as a function of time; v is easily
measured as the velocity of the fingertip, and the equation above gives k/0. Thus, these
equations make it possible to describe the width and spatial distribution of fingers.
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FINDING LAYERS IN T

E SOIL

Ground-Penetrating Radar as a Tool
in Studies of Groundwater Contamination

by Tammo S. Steenhuis, K.-J. Samuel Kung, and Lawrence M. Cathles, Il

The way soil is layered makes a big differ-
ence in how water and solutes find paths
down to groundwater. In penetrating the
soil, water follows preferential flow paths,
as described in the article by Steenhuis and
Parlange (page 7). The way these flow
paths merge depends on inhomogeneities
in the soil, and sloping structural interfaces
have a considerable effect on the degree of
merging and rate of flow.

Soils deposited by ocean currents, riv-
ers, lakes, or glaciers consist of strata laid
down at different times and under different
circumstances, and they differ in composi-
tion and permeability. Experiments, both
in the laboratory and in the field, have
shown that at low flow rates, coarse layers
act as funnels, collecting water from a
broad area and channelling it through a
small number of drainage fingers. Athigher
flow rates, these coarse layers begin to
leak, and the funnel effect becomes less
significant (see Figure 1).

Funnel flow is an important factor in the
transport of contaminants. Since the funnel
effect produces a more concentrated flow,
which moves faster, the time available for
degradation is greatly reduced. Since the

15 chemical is carried through a relatively

small part of the soil matrix, total adsorp-
tion is also greatly reduced. Moreover,
since the water and solutes flow through
more widely scattered paths as they move
deeper, current sampling protocols, which
call for assessing the solute concentration
at randomly chosen points, are inadequate.

BETTER PREDICTION

REQUIRES BETTER DATA

The contamination potential of a water-
borne pollutant carried by funnel flow is
seriously underestimated by all existing
computer models. Accurate prediction of

the flow pattern in layered soils requires
three-dimensional data that show bedding
structures and textures in the vadose zone
(above the water table). Without such data,
it is impossible to forecast the impact of
preferential flow paths triggered by the
funnel mechanism.

Most soil physicists and environmental
engineers have approached the problem of

Figure 1. The funnel effect in sandy soil. Witha
relatively low flow rate (a), a fast-moving spout
forms beneath the lower end of an inclined
layer. Such inequalities in penetration are
minimized when the flow is greater (b).

Figure 1
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COMPOSTING AND WATER QUALITY

by Tom Richard

Composting is a good way to reduce the
amount of solid waste destined for landfills
and incinerators. Leaves and other yard
wastes typically make up about 20 percent
of the solid waste stream, and food wastes
constitute another 15 percent. Some mu-
nicipalities are now keeping these materi-
als separate from other wastes and are turn-
ing them into compost. But there is concern
about the impact of such composting opera-
tions on the surrounding environment—in
particular, the effect that a large volume of
decomposing organic matter may have on
surface runoff and groundwater.

A variety of methods have been devel-
oped for composting urban wastes as well
as agricultural wastes such as manure.
Facilities range from simple outdoor
windrow systems to sophisticated indoor
vessels. While outdoor systems offer sig-
nificant economic advantages, they also
require more careful management to
minimize their impact on the local envi-
ronment. Government regulators have
proposed a number of constraints, in-
cluding setback distances from wells and
surface waters, management restrictions,
and even requirements for impermeable
liners under composting sites. Such mea-

sures can be costly, so my colleagues and
I have undertaken research to determine
whether they are really necessary.

COMPOSTING LEAVES
AT CROTON POINT
A study of leaf composting was carried out
at a demonstration site located at Croton
Point in Westchester County, New York.
The site, which is operated by the county, is
adjacent to a closed landfill on county-
owned land that is bordered by a public
park and a private industrial establishment.
Leaves for the study were from the village
of Croton-on-Hudson, a community of
7,300 people that is situated about twenty
miles north of New York City. Five hun-
dred tons of leaves—about 4,800 cubic
yards—were brought to the site between
mid-October and late December 1988.
The leaves were stacked in windrows
approximately eight feet tall and twelve
feet wide. Water was added at a rate of
about four gallons per cubic yard. The
windrows were turned with a front-end
loader every other week, and as the volume
diminished they were combined as neces-
sary to keep them at least six feet high and
twelve feet wide throughout the winter.

Temperatures in the interior of the wind-
rows ranged from 100°F to 140°F through
February, and then slowly dropped to am-
bient temperature. By mid-June of 1989,
the original 4,800 cubic yards had been
reduced to only 30 percent of this volume.
Some of the finished compost was distrib-
uted to interested residents, and the re-
mainder was used by the public works
department.

Extensive environmental monitoring
and detailed economic analysis were car-
ried out at the Croton Point facility. Our
part of the study involved monitoring the
water that infiltrated into the soil beneath
the compost site in order to gauge its
probable effect on the quality of local
groundwater. Porous ceramic-cup suction
lysimeters, which sample water in the un-
saturated zone, were laid out in two
transects perpendicular to the windrows,
with samplers spaced at two-meter inter-
vals, twelve to eighteen inches under the
surface (Figure 1). Sampling tubes from
eachtransect were laid inacommon trench,
terminating at a sampling point adjacent
to the composting pad. In addition, a cluster
of up-gradient samplers was located in
clean soil adjacent to the site.
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“Leaves and other yard wastes typically make up

about 20 percent of the solid waste stream. . . .

Figure 1. Arrangement of lysimeters under compost at the Croton Point facility.
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EFFECTS OF LEAF COMPOST

ON LOCAL GROUNDWATER

Samples drawn from twelve lysimeters be-
fore the leaves were delivered established
background conditions for the site. A dry
winter delayed additional sample collec-
tion until the beginning of May, when
heavy rains permitted a complete sam-
pling. The concentrations of various sub-
stances found in the samples were com-
pared with background levels and with
New York State’s groundwater discharge
standards. There were only minute traces
of heavy metals, except for iron, which
had a high background concentration at
the site. Nitrate levels, which are frequently
viewed as a major pollution threat from
organic wastes, were also low. They re-
mained well below the groundwater dis-
charge standard of 20 milligrams per liter
throughout the study, and even fell below the
background values for the site. These ex-
tremely low nitrate concentrations may be
attributed to the fact that leaf composting
is limited by the availability of nitrogen.
The composting of materials such as grass
clippings, which are rich in nitrogen, would
be expected to generate considerably
higher nitrate levels.
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REMOVING TOXIC ORGANICS

FROM GROUNDWATER
Biological Conversion of PCE and TCE

by William J. Jewell

For over half a century, people have bene-
fitted from the use of many chemicals whose
impact on the environment remained imper-
fectly known. Among these chemicals are
chlorinated solvents such as tetrachloro-
ethylene (PCE) and trichloroethylene (TCE).
These are excellent degreasing agents that
have been widely used in industry and in the
dry-cleaning business. They are notcorrosive,
not particularly flammable, and not highly
toxic—in the short run. Unfortunately, they
are associated with an increased incidence of
cancer, and they remain in the environment
for a long time.

Today, many such solvents are subject to
rigorous regulation by the Environmental
Protection Agency and are tolerated only in
amounts that approach the limits of detecta-
bility. But the United Statés has been pro-
ducing over ten million tons of chlorinated
solvents per year since the early 1970s, with
PCE and TCE accounting for about five
percent of this total. The accidental dis-
charge of only five gallons of these solvents
can contaminate many square miles of
groundwater, and thousands of different
localities are already affected by billions of
pounds of PCE and TCE as a result of
improper disposal or accidental leakage.

TECHNIQUES FOR COPING
WITH CHLORINATED SOLVENTS
Techniques presently used to keep PCE and
TCE from contaminating groundwater in-
volve vaporization or collection on materials
such as activated carbon, which are then
stored in special landfills designated for haz-
ardous wastes. These are less-than-ideal ways
to treat industrial waste water before dis-
charge, and quite inadequate for cleaning up
groundwater that is already polluted. In the
firstplace, they donotreally solve the problem
because the pollutants are not broken down,
but merely transferred from one environ-
ment to another. In the second place, these
treatment techniques are expensive. Virtu-
ally all chemical companies, as well as nu-
merous military bases and government
laboratories, face billions of dollars in clean-
up costs. Many companies have had to make
strategic decisions about how much they can
budget for clean-up without going bankrupt.
A better way to treat chlorinated solvents
would be to break them down into harmless
constituents. Many of humanity’s traditional
wastes are broken down by bacteria that
occur naturally in soil and water. Such mate-
rials are said to be biodegradable (a term that
is inappropriate for plastics that disintegrate

without being chemically altered). Ten years
ago, chlorinated solvents such as PCE and
TCE were thought to be non-biodegradable.
Recently, however, some microorganisms
that can affect these compounds have been
identified.

These microbes do not actually con-
sume the chlorinated compounds, but use
them in complex ways in the presence of
another energy source, such as sucrose.
Processes of this kind are referred to as
cometabolic. The reactions that bring about
the degradation of PCE and TCE are not
yet fully understood, but it is useful to
think of them as involving cometabolism,
since the microbes must be supplied with
all the nutrients required for growth while
they attack the toxic materials.

DIFFERENT ROUTES

TO BIODEGRADATION

In recent years there has been a national
effort to identify new and more cost-effec-
tive technologies to purify industrial wastes
and polluted groundwater. A number of re-
search teams involved in this initiative have
identified both anaerobic and aerobic bacte-
ria that might play a part in the biodegrada-
tion of toxic materials. The anaerobic



Figure 1. Anaerobic, methanogenic systems
compared with aerobic, methanotrophic sys-
tems. Collateral pathways that degrade chlori-
nated solvents are shownwith arcs tangential to
the direct, metabolic pathways.

Figure 2. Collateral pathways that degrade
PCE and TCE. The sequence of breakdown
products formed in anaerobic systems is shown
on the left, and products formed in aerobic
systems are shown on the right.

bacteria produce methane, and hence are
called methanogenic; in contrast, the aerobic
bacteria “eat” methane and are called
methanotrophic.

Some of the leading work on the mecha-
nisms by which anaerobic bacteria dechlori-
nate PCE, TCE, and dichloromethane was
done by James M. Gossett and David L.
Freedman in Cornell’s School of Civil and
Environmental Engineering. In the absence
of oxygen, these microorganisms convert
complex organics such as sucrose to volatile
acids, and eventually methane and carbon
dioxide are formed. A collateral pathway
breaks down PCE and TCE, producing vinyl
chloride (VC) and ethylene.

The aerobic bacteria of interest inject
oxygen into complex organic compounds.
This leads to an instability that makes
these compounds susceptible to the action
of heterotrophic organisms, rendering them
biodegradable.

Figure 1 compares the anaerobic,
methanogenic and the aerobic, methano-
trophic pathways for treating PCE and
TCE. These sequences of reactions are not
fully understood, but in both cases an
energy source and an electron or an elec-
tron-donor source appears to be necessary

Figure 1
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FACULTY

PUBLICATIONS

Current research activities at the Cornell University
College of Engineering are represented by the follow-
ing publications and conference papers that appeared
or were presented during the three-month period
April through June 1990. (Earlier entries omitted
Jrom previous Quarterly listings are included here
with the year of publication in parentheses.) The
names of Cornell personnel are in italics.
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LETTERS

Editor:
The summer 1990 issue of the Engineering:
Cornell Quarterly provided an excellent per-
spective on the burgeoning waste problem in
this country and the ways in which research and
outreach efforts are attempting to deal with it.
Regrettably, the list of external research awards
of the Solid Waste Combustion Institute which
we submitted for inclusion on page 3 of that
issue omitted the excellent work of Dr. Richard
1. Dick, the Joseph P. Ripley Professor of Civil
and Environmental Engineering at Cornell.
The objective of Professor Dick’s project,
“Improvement of Sludge Combustion Proper-
ties,” is to improve our fundamental under-
standing of the physical characteristics of mu-
nicipal wastewater sludges so that water may be
removed economically. In particular, to the ex-
tent that the efficiency of mechanical de-
watering processes can be improved, sludge
might be incinerated without absorbing a sig-
nificant fraction of its heating value to vaporize
water. The importance of this research was also
underscored by John Martin’s article, which
identified a number of factors that will lead to
significant changes in sludge disposal practices.
Steven W. Kulick, Research Coordinator
Solid Waste Combustion Institute

Editor:

I would like to offer my congratulations on the
Summer 1990 issue. I found it unusually inter-
esting and, more to the point, the best concise
presentation that I have read or seen on the
subject of waste management and disposal and
their effects on the environment.

I have spent forty-odd years in facilities
management, for the Navy, several universities
(including Cornell), and the State of Alabama,
and have spent much time and energy trying to
solve problems relating to waste disposal.

During the last ten years, I have been especially
interested, though not directly involved, in
Alabama’s situation of being a net importer of
waste, especially toxic wastes, and our efforts to
evolve satisfactory policies and practices to deal
with the resulting problems.

The articles in your publication provided a
succinct and balanced outline of the alternatives
available for dealing with solid wastes and of
the costs of their use and non-use. After reading
many of the diatribes prepared for the reading
public, I found it refreshing (and enlightening)
to find a document that described the problems,
discussed solutions and related research tech-
niques and findings, and neither preached sal-
vation nor threatened instant damnation to
unbelievers. I plan to provide copies to the
Alabama Department of Environmental Man-
agement and to others who would profit from
reading it.

Thanks for an unusually good issue of your
excellent publication.

Cushing Phillips, Jr.

Civil Engineering, Class of 1944

Montgomery, Alabama

Editor:
This letter is in reference to the Summer 1990
issue, “Dealing with Waste”. . . . The accepted

philosophy for waste disposal is (1) not in my
back yard, and (2) zero impact on people’s
health or the environment. But we need to rec-
ognize that contamination levels cannot con-
tinue to be set at values that will protect the most
susceptible persons with a factor of safety. As
population increases and medical advances are
able to keep more fragile people alive, thereis a
likelihood that tighter standards will be required.
... Also, contamination hazards, such as from
PCBs, may be overblown. Years ago, those of us
who worked with oil in transformers and circuit

breakers (many of whom I still hear from)
suffered no ill effects. . . .

I believe that waste disposal should be stud-
ied on a cost/benefit basis. . . . For instance, not
permitting recycled plastics in food-contact
applications should be reviewed: how many
deaths are predicted if this regulation were re-
voked? To prevent the once-in-years contami-
nation of foods and medicines by criminals, we
have added many tons to the waste stream, and
more fuel is burned by trucks used to transport
the excess material.

Richard L. Katzenstein, P.E., M.E.’35

Boca Raton, Florida

Asked to comment on Richard Katzenstein's
letter, Richard E.Schuler, director of the Cornell
Waste Management Institute, gave the follow-
ing reply.

While opinions similar to Mr. Katzenstein’s are
held by many, we live in a democratic society in
which a majority of the electorate seems to be
willing to err on the side of an extra margin of
safety and environmental precaution. Admit-
tedly, those safety measures have their costs in
terms of reduced economic growth, narrowly
defined, and it is the Institute’s responsibility to
advise the public about the magnitude of the
tradeoffs where good data are available—which
is not the case in some of the examples cited by
Mr. Katzenstein.

Editor:
I am writing to thank you for Engineering:
Cornell Quarterly. It is well read here and in-
spires much debate on the topics raised and
American engineering enterprise in general.
John Vickers, Chairman
Cambridge University Engineering Society
Engineering Department
Cambridge, U.K.



GROUNDWATER

Rainthat percolates down through the soil to a point where the earth is completely saturated
becomes groundwater. The residence time of water in the atmosphere is only eleven days,
and lakes and streams are constantly renewed through the hydrological cycle of evapora-
tion and precipitation. But because it cannot evaporate easily, groundwater has an average
residence time of four thousand years. The groundwater we drink today contains rain that
fell when Agamemnon’s troops were laying siege to Troy. Groundwater is, for all practical
purposes, a nonrenewable resource.

Groundwater provides one-fifth of the fresh water used in the United States. It is the
source of half the drinking water supplied to cities and over 80 percent of the water used
by rural families and their livestock. Elsewhere in the world, groundwater is the principal
source of fresh water for Denmark, Cyprus, and Malta, and the sole supply of drinking
water for more than 60 percent of the towns in the Soviet Union.

Groundwater reserves are being contaminated by the disposal of sewage, solid wastes,
municipal waste water, industrial waste water, sludge, brine from the petroleum industry,
mining wastes, deep-well disposal of liquid wastes, animal feedlot waste, and radioactive
wastes. Groundwater is also affected by accidental spills, agricultural activities, mining,
road salt, acid rain, and salt-water infiltration. In the United States an estimated one-third
of all underground fuel tanks leak, 58 percent of industrial hazardous wastes are disposed
of by injection into deep wells, and leachates from a thousand abandoned waste dumps
are slowly percolating down to groundwater. Water from up to 2 percent of the aquifers
in the United States may already be unfit for drinking.

Worldwide, aquifers are being depleted far faster than they are being recharged.
Beijing’s groundwater is being withdrawn four times faster than it is being replaced. In the
Tamil Nadu region of India, the withdrawal of water for agriculture has lowered the water
table 25 to 30 meters in just ten years. In the United States, one-fifth of the water pumped
out of the ground each year is nonrenewable; in California’s San Joaquin Valley, an area
of 6,200 square kilometers has sunk as much as nine meters since 1930; and half the water
in the Ogallala Aquifer, which serves one-fifth of the nation’s cropland (from Nebraska
to Gaines County, Texas), has already been used up.

People at Cornell are working on some of these problems. The Water Resources
Institute, part of the Center for Environmental Research, focuses on research and outreach
in the areas of agricultural chemicals and groundwater, nonagricultural contaminants,
mathematical models, and water supply. Engineering faculty members who are concerned
with water resources (in addition to those whose articles appear here) include Michael F.
Walter, in the Department of Agricultural and Biological Engineering, and James J.
Bisogni, Jr., Wilfried H. Brutsaert, Richard 1. Dick, Leonard B. Dworsky, Gerhard H.
Jirka, Philip L.-F. Liu, Daniel P. Loucks, Christine A. Shoemaker, and Jery R. Stedinger
in the School of Civil and Environmental Engineering. Their research can help identify
ways of protecting and conserving the world’s supply of fresh water. But only a serious
public commitment can assure the continued availability of this most precious resource to
future generations.—DP
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