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Groundwater : Solid-waste disposal
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AUDIENCE Environmental scientists and engineers / R&D scientists and planners

A Review of Field-Scale Physical Solute
Transport Processes in Saturated and
Unsaturated Porous Media

Hydrodynamic dispersion is the key physical process that deter-
mines how groundwater plumes of chemicals develop. This liter-
ature review defines the status of data on field-scale ground-
water transport mechanisms and represents a first step in
developing and validating methods for predicting the fate of
leached chemicals.

BACKGROUND EPRI is conducting a multiphase effort to quantify migration patterns of
chemicals released from solid wastes at utility disposal sites. Before
researchers can develop accurate models for predicting the groundwater
transport of solutes, reliable data on field-scale transport parameters are
needed.

OBJECTIVES To conduct a critical review of literature reporting tield-scale dispersion data
and to analyze selected data for interpreting and identifying data gaps.

APPROACH Researchers manually searched the literature and identified numerous pub-
lished and unpublished studies yielding field-scale values of dispersivity.
The primary targets for this search were dispersion parameters because they
control the degree of spreading and dilution of a solute plume. Both satu-
rated and unsaturated subsurface environments were included. After com-
piling the data, the researchers summarized information on the fongitudinal.
horizontai, and verticai dispersivities; aquifer material; average aquifer thick-
ness; hydraulic conductivity; apparent heterogeneity; and effective porosity.
They then analyzed data from selected sites, interpreting the information
and illustrating the use of alternative mathematical methods in the analysis.

RESULTS The literature review yielded the following information on field-scale disper-
sivities. For the saturated zone, researchers found 55 sites (studies) in which
a total of 99 values of longitudinal dispersivity was reported. In contrast. 22
and 7 values of horizonta! and vertical dispersivities, respectively, were
reported. Only 2 sites provided data extensive enough to allow a reanalysis
for illustrating the use of alternative methodologies and interpretations. In
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ABSTRACT

The development of accurate mathematical models to predict field-scale solute
transport in the saturated and unsaturated zones is hampered by the lack of reliable
data on fleld-scale transport parameters. A critical review of the available
literature on studies conducted at 55 saturated zone and 28 unsaturated zone sites
produced 99 and 8 longitudinal dispersivity values, respectively.

In the saturated zone, the scale of observatica for all the datz ranged from 0.75 m
to 100 km with longitudinal dispersivities from 0.01 to 5500 m. However, oaly five
sites produced highly reliable dispersivity data, based on an evaluation of the test
configuration, the tracer monitoring, and the data analysis method for each site.
The largest scale of high reliability dispersivities was only 115 m. The high
relisbility data subset indicates that the dispersivity initislly increasses with the
scale of observation., But it {s not clear whether the dispersivity increases
indefinitely with scale or reaches an asymptotic value as is assumed in classical
modelling and predicted by receat stochastic theories.

In the unsaturated zone the dispersivity ranged from |l mm to 0.7 m and appeared to
increase with the scale of observation from 1 m to 20 m; however, most experiments
were at scales of about 2 m. The transport process is dominated by the lateral
movement of solutes in dry, high teasion soils whereas in nearly saturated scils the
solutes and water can move rapidly dowaward through the the macrostructures.

‘There 1s & clear need to conduct controlled large-scale field experiments iz both

the saturated and unsaturated zones to obtain reliable dispersivities at increasing
scales and to identify the controlling transport mechanisms. )
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SUMMARY

The first part of the report examines solute transport processes in the saturated
zoue. The principal objectives of that section are to (1) review all available
literature where values of fleld-scale dispersivity were reported; (2) perform
detailed analyses of data from selected sites to illustrate alternative methods and
data interpretation; (3) evaluate the data collected and make a judgement regarding
fts reliability; and (4) draw coaclusions and provide recommendations relating to
the design of field experiments.

From the literature search, 55 sites were found where a total of §9 values of
longitudinal dispersivity were reported. These ranged from 0.0l m to more than 5500
m at scales of 0.75 m to 100 km., From a first look at the data, without considera~-
tica of the quality of the dats, it would appear that dispersivity increases
indefinitely with scasle. It should be noted that there {s & paucity of data io the
literature on horizontal and vertical transverse dispersion. Only 22 and seven .
values of horfizontal and vertical dispersivity, respectively, were reported. This.
is an important data gap in light of the fact that contaminant plumes are
three~dimensional in nature.

In addition to dispersivity values, & number of parameters for each site were
tabulated to determine whether there was a relationship between these parameters and
dispersivity. Upon examination of the data, there do aot appear to be any such
relatioaships.,

Two sites having extensive, good quality data were re—-evaluated to illustrate
alternative methodologies and interpretations. Data from the Borden site in Canada
were used to illustrate the method of second moment analysis to estimate three~-
dimensional dispersion characteristics and to demonstrate dependence of the
dispersivities on displacement distance. Data from the Bounaud site ian France were
used to demonstate the application of stochastic theories for predicting
macrodispersion in aquifers.

The data collected from the general review were critically evaluated to determine
how well field-scale dispersivity was actually messured by the tests conducted.

s-1




spreading of moisture in stratified soils due to capillary forces. The second is
fast vertical flow in fingers or channels due to gravity. The observations show
that lateral movement is more pronounced in relatively dry soils with correspond-
ingly high capillary tensions. This lateral spreading is in accordaance with the
results of the recent stochastic theory. Fast gravity flow down through macro-

structures seems to be important only near saturation coanditious.

A critique of conceptual modelling approaches to field-scale unsaturated flow and
transport emphasized the effects of field heterogeneity and techniques for

evalusting large-scale effective parameters.

In unsaturated media, field-scale longitudinal dispersivity data from eight
different field sites show dispersivities ranging from 1 mm to 0.7 m for scales from
l1m to 20 m. These data show a general increase of loungitudinal dispersivity with
the scale of the experiment.

The results of this review point to the need for carefully designed latge-scile
experiments fin the unsaturated zone. The proposed experiments should be carcied out
at vertical scales of several tens of meters. Traceable solutes should be
introduced with controlled water applications over areas of comparable horizontal
extent. Because of its critical role in field-scale transport, three-dimensional
spat{al variabilicy of 301l properties should be measured as part of the
experiments.
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Section 1

INTRODUCTION

The purpose of this review 1s to summarize the curreat state of knowledge on fleld-
scale physical processes that affect the traasport of chemically inert solut s in
the natural subsurface enviroaumeat. More specifically, the results of this review
are to serve as a guide in the planning and designing of comprehensive field
experiments which are deing proposed to explore field-scale transport processes in
the saturated and unsaturated zones (Waldrop and Gelhar, 1984).

The term "field-scale” refers to vertical dimensions of teas to hundreds of meters
and horizoatal dimensions of tens of meters to kilometers. Scales of this order are
typically those of concern in evaluations of the eaviroamental consequences of waste
disposal activities. Typicel time scales associsted with these spatial dimensioas
will be on the order of years or decades dependiug on the hydraulic conductivity and
hydraulic gradient. As a conseguence, it is impractical to carry out direct
experiments to determine the pertinent transport parameters at these scales for each
disposal site. Rather what is required are methods predicting the esseantial
traasport properties from practical small-scale measurements or extrapolation from a
linited number of fleld~scale measurements. The overall goal of this research is to
evaluate methods of predicting these field-scale parameters through comparison with
large-scale field experiments.

The dispersion cocefficient {s the primary parsmeter of coacern because it controls
the degree of spreading and dilution of a solute plume., The effects of other
parameters, including effective porosity, molecular diffusion, densicy and
viscosity, are discussed briefly. The review is divided into sections dealing with
the saturated and unsaturated zones. The approaches for reviewing the available
data in these two zones differ somevhat because of differences in the current state
of knowledge. In the saturated zone there is a substantial amount of field data
which may‘e::abltah trends and can be subjected to critical evaluation to determine
its reliability. In the umnsaturated zone the data are much more limited, and field
experimentation is emphasized more in the context of a descriptive understanding of
coutrolling process. Also, in the case of the saturated zone, theories of
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Sna:+qtax1 ix (nSDUaﬁj L, §=1,2, 3 (1-2)

It .{s important to note that some investigators (Robertson and Barraclough, 1973;
and Bredehoeft and Pinder, 1973) alternatively define the dispersion coefficient
tensor as:

D,, = aD (1-3)

*
In this review, when it was clear that Dtj was used in a study, we couverted to
the more common O34 form using (1-3).

When the x} coordinate axis {s aligned in the direction of mean fluid flow

(q1 * 0; q2 = q3 = 0), the dispersion coefficient tensor {s often approximated
in forms equivalent to

o“ -c“v*'-subd (1=-4)

where
&1l = ap the longitudinal dispersivity
@22 = a33 =aT the transverse dispersivity
agy = Ofor iz j
v = seepage velocity in the x; direction (= q1/aS)
Dg = effective diffusicn coefficieant
8§15 = Kronecker delta (= 1 if { = 3, =0 if 1+ J)

This form of the dispersivity, with isotropy of transverse dispersion, is strictly
valid only for an isotropic porous medium (Bear 1972).

Many laboratory experiments have demcnstrated that the classical equations, (1-2)
and (1-4), are valid for homogeneous porous medfa in the laboratory for displace-
ments oa the order of about one meter. However, in the field, where the movement of
solutes over distances of hundreds of meters is of interest, natural porous
materials are not homogeneous. This, coupled with the fact that field-observed
dispersivities are orders of magnitude larger than those found ian amallegcale
laboratory tests {(see e.g., Fried, 1975; Anderson, 1979), has recently led scne
iavestigactors (Gelhar et al., 1979; Matheron and de Marsily, 1980; Gelhar and
Axness, 1983) to questican the validity of modeling field-scale solute transport
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only in the direction perpendicular to perfect layering. Stratiffied models have
been developed using determiniscic method:'(e.g., Marle, 1967; Dfieulin, 1980; Molz
et al., 1983) and stochastic methods (Mercado, 1967; Gelhar et al., 1979; Matheroa
and de Marsily, 1980). Most of these approsches are similiar to the original work
of G. I. Taylor (1953) on dispersion in tubes, but are of doubtful applicability oa
the field-scale (102 to 10% m) becasuse real aquifers are not perfectly

stratified over these dimensions.

A second general approsch presumes that the spatial statistics of a heterogeneous
velocity field are given, and determines the dispersion coefficient from the
Lagrangian covariance of the velocity field (e.g., Dieulinm, et al., 1981; Simmons,
1982; Tang et al., 1982; Winter, 1982). These methods are similar to the original
work of G. L. Taylor (1921) on turbuleat diffusion, although mathematical techaiques
are more complex. The key weakness of this velocity-based approach is that it
requires the velocity covariance to be known in order to predict the dispersion
coefficient. The velocity covarisnce is not directly measurasble, and even if it
could be, there remains the problem that the covariance of velocity will change as
flow conditions change. The velocity—-based method can be used in a noapredictive
mode by adjusting the velocity covariaance function until agreement with an observed
plume is accomplished; this approach was actempted by Simmons (1982) for the data
from the Borden site.

A third general approach is based on the statisical description of the spatial
variability of hydraulic coanductivity. This approach has been developed using
perturbation methods (Dagan, 1982; Gelhar and Axness, 1983; Gelhar, 1984) and Monte
Carlo simulations (Warren and Skiba, 1964; Heller, 1972; Smith and Schwartz, 1980).
The three-dimensional theory by Gelhar and Axness (1983) is the most general {n that
it includes the effects of local dispersion (or molecular diffusion) and anisotropy
of the hydraulic coaductivity covariance. Dagsan (1982) treats the isotropic case:
with no lccal dispersion; his cesults agree exactly with those of Gelhar and Axness
(1983) for this special case. An intermediate result of Gelhar and Axness (1983)
also is identical to the velocity-based result of Winter (1982), The theory of
Gelhar and Axness (1983) alsc produces the stratified case as & specisl case.
Another conceptualization of the traansport process is analogous to the sc-called
matrix diffusion model of transport {n a single fracture bounded by a porous but
{mpervious rock matrix (e.g., Nevetnieks, 1980; Grisak and Pickens, 1980; Gillham,
et al,, 1984). 1In this case the squifer {s represented by & layer of permeable
materisl through which sll of the flow occurs, bounded by a practically impermeable



Section 2

SATURATED TRANSPORT PROCESSES

This portion of the review focuses on field-scale physical processes that coantrol
the transport of chemically inert =slutes in saturated natural earth materials,
Laboratory scale observations are not covered because these are not directly
pertinent to field problems and are already reviewed extensively in textboocks and
review articles (e.g., Fried and Combarnous, 1971; Bear, 1972; Fried, 1975; Dullien,
1979; Greenkorn, 1983)., This review emphasizes dispersion coefficieats but also
considers the role of effective porosity, molecular diffusiocn, and fluid viscos{ity
and density in the dispersion process. Included sre (1) a general compilation of
data from £ield sites, (2) detalled analyses for two selected sites, (3) evaluations
of the available data and interpretations relating to modelling coacepts, and (&)
conclusions and recommendations relating to the design of field experiments,

SUMMARY OF FIELD OBSERVATIONS _

A thorough review of published literature and numerous unpublished sources yielded
field-scale values of dispersivity for varlous sites across the United States and in
ten foreign countries. The review included consideration of data sources identified
by Lallemand-Barres and Peaudecerf (1978), Anderson (1979), Pickens and Grisak
(1981), lsherwood (1981), Mercer, et al. (1982), as well as others available to the
authors. The Mercer et al. review dealt with aquifer thermal energy storage. In
most of the studies cited by Mercer the diaperaton coefficient is reported as s sum
of thermal dispersion aud hydrodycamic dispersion. Ouly whez these values wvere
reported separately could we determine the value of hydrodynamic dispersivity used
in a particular study and include it in our summary table. An additional source
emphasizing recent studies in Germany (Schrdter, 1983) was located late in this work
and could oot be obtained for evaluation; therefore these sites are not included in
the compilation. The findings of Schrbter are similar, however, to the results
presented {n cur literature summary.

Fifty~five sites vere fouand where investigatora reported longitudinal dispersivittes
(AL,) st specified scales. Since observations at many sites {ncluded results from
multiple tracer tests, a total of 39 values of longitudinal dispersivity were
recorded, In the few cases where values of transverase horizontal and vertical

2-1
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Table 2-1 .
SUMMARY OF FIELD OBSERVATIONS FOR THE SATURATED ZONE
Hydraulic '
Conductivity Claseific
Average (n/s) Seale Disper-  stion of
Reference Aquifer  Apparent or Effective Velo— Test Moni- Method of sivity reliebild
and . Aquifer Thickness Heatero—~ Transaissivity Porosity city Flow Configu- tor—- Tracer of Data Test AL/Ap/Ay  of AL/Ay/
Site Name Material (m) geneity (w2/s) (percent) (m/d) System ration ing Uped Interpretation (m) (wm) (1,IL,II1
Ahlstrom et al. Glacio- 64 Malti- Ambient Multiple ) 3 Numerical siwulation 20,000 30.5/18 m
(1977) fluvistile layered sampling using discrete-
Hanford, WA sands and wells psrticle-random-walk
gravels (contam.) algorithe.
Bershenk (1939) Glacio 64 Multi- 5.7x107% ¢o 10 26 Ambient 1 injection Fluor— Breakthrough curve 3500 6 934
Cole (1972) fluviatile layered 3.0x10-2 1 well, 2 obs. scein pulse width. 4000 460 111
Renford, WA sands and w/s wells -
gravels (pulse
input)
Bredshoeft and Limestone 50 Malti- 1,7x10"1 35 Artificial Radial con- 2D c1= Calibration of 1000 170/52% 111
Pinder (1973) layered wifs verging numerical model.
Srumwick, GA (contam.)
Bentley and Fractured 5.5 6.5:10'; to 18 0.3 Artificial 2-well re- 2D PFB,SCN  Grove and Beetem 23 S.2 111
Walter (1983) dolonite 8,6x10~ circulating analysis (1971).
wer /s (continuous
1nput)
‘Classen and Fractured 15 Bilayered 5x10~2 to 0.1b- Artificial 2-well ve- 20 ] Grove and Beetem 122 15 111
Cordes (1979) Doloaite 111072 3.4 circulating type analysts. ,
Azargosa, NV wl/s (pulse
input)
1ris, P. (1980) Alluvial 9 10-3 w/s 0.2 Artificial Radial, al= 3D Heat, Fitting of a 50 1 1
Cawpuget deposits ternating Cl numerical model.
(Gsrd, Prance) diversing,
converging
Dentels (1981) Alluviun 500 1.7x10°3 0,04 Artificial Radial n 3n Type=curve matching 9 10-30 I
Nevada Test Site derived n/s converging for pulse input
from tuff (contam,) (after Ssuty, 1977).
piealin (1981) Fractured 20 3:10"2 to 2-8 3 Artificial Radial con- 2D fl' Analytical solution 6 0.5 1
La Cellier granite 9x10°4 w/s ‘(';::::! after Sauty (1977).

o
Y

{Lozere, Prance)

LR

a

input)



..

Table 2-1 (continued)

SIGARY OF PIELD OSSERVATIONS FOR THE SATURATED ZONWE

i)

t \‘
f;

Bydrauiic :
Conductivity Clessific™
Avaraxe (n/s) Scale Disper~  astion of
Refarence Aquifer Apparent or gtfeccive Velo~ " Test Moni~- Method of sivity relfisbility
and Aquifer  Thickness  Hetero~ Transmissivity Povosity city Flow Configu=  tor— Tracer of Data Test Au/heliry  of M /hriby
Sita Name Material (») Keneity (wd/s) (percenc) (m/d) System ration ing  Used Interpratation (m) (m) (1,XT,118)¢
Dieulin (1980) Alluvisl 6 1074 w/e 0.5  Ambient 1 injection 20 c1~ 1D solution to 15 3 1361
Torey (Prance) deposits well, 3 ob— (re- advection-disparsion
segvation sistiv—- equation,
wells (pulse fty)
input)
Penske (1973) Limestone 53 4,7x1076 a7e 23 1.2 Artificiasl Radial di- In 1-D solution to 91 11.6 111
Tatvn Salt vergent advection-dispersion
Dome, M1 {pulee in- equation.
put)
Pried (1971) Sand, Gravel 12 9.6 Artificial Radfal di~ c1~ Mumerical solution to 6 11 B 14 ¢
Rhiea Aquifer and cobdles vargent 1-D radial advection
(pulse in- dispersion equation
put) to find Ap.
Fried (1975) Alluvial; 123 1073 w/s Ambient Multiple n cr~ Calibration of bidim— 800 151 111
Rhine Agquifer nixture of {reglonal) sampling enaional, horizontal,
(Salt Minew) ssnd, gravel, welle monolayer, hydrodis-
Southern and pebbles (contawm.) persive model to simu~
Alsace, Trance with clay late aslt concentra=~
lonnes tions.
Fried (197%) Alluvial, 20 Locally 5.0 Ambient Maltiple bii] Conduc~ Calidration of bidim— 600~ 12/4 11X
Lyons, France with saed and wmalci- (regional) wells down~ tiviey ensional, horizontal, 1000
(Santtary gravel and layered, streas of monolayer, hydrodis-
Landfill) slightly scra= globally tandfifl persive model to simu~
tified with nom= (contam,) late salt concentra=
clay lemses layerved tions.
Goblet (1982) fractured . 50 10~3 to 84 Artificial Radial 20 RhWie Convolution solution 17 2 11
“Site 2" granite 1077 w/e converging SrCl accounting for bore—
France (puise hole flushing effects;
input) uses uniform flov eqn.
Grove (1977) Baseltic 16 1.4x107} ¢o 10 Ambient Regional b c- Numerical simulation 20,000 91/91 e
N2YS, Idaho lgva and 1.4x10} wultiple vaing Caletkin finite
sediments »t/a sampling alement model. :
walls
(contll-)
2-5




. Labile <~1 (continuea)

SUMMARY OF FIELD OSSERVATIONS FOR THE SATURATED ZONE

-

ot
Riki

HRydesulic - ¥
Conductivity
Averaxe (a/a) Scale  Dieper~ cz::‘::'
Reference Aquifer  Apparent or Effective Velo- Test Moni— Mathod of sivity reifability
and Aquifer  Thickeess  Hetero~ Transmiesivity Porostey city Flow Configu~ ctor= Tracer of Data Test N /kpiny of M lAp/by
Site Neme Material (m) genstcy (a?/s) (pevcent) (n/d) Systes ration ing Used Interprecacion (n) (3 (;.n.ﬁg)
Grove sed Fractered 12 12 3.5 Aretficial  2-well re- 2 b Approxinate nuaerical 53 m.1 s
Bestem (1971) Dolomite cicreulating solution of
Eady Coumcy {pulse in- advection=dispersion
(near Carlebed), put) equation.
Hew Mexico
Gupta et al. Sandstons, Maltt- Aabient Muitiple c1~ thumerical simulation 30,000 80-200/ 944
(197%) shale, send, layered (regional)  saepiing using Galerkin 8-20
Sutter Basin, and alluvial wells finite element
California sedimente (envir. model.
input)
Halevy and Nir Dolomite 100 3.4 L0 Artifictal  Radial con= 20 60co Landa and Zuber 250 6 u
(1962) verging analysis (1970). ‘
Lenda and Zuber (pulse
(1970) input)
Nshal Ovem,
Lerael
Harpes (1963) Sendstone ] Maltt- . 14 Artificial Radial di- 2D [ 1«D ansliytical 28 0.1-1.0 "
Southern with eilt layered vergent solution to radial
Coastal Plain, sod clay (continuous advection-dispersion |
Isreel layers taput) equscion. l
{elveg and Ashient Multiple Dia- No data anaiyais; 14,000 30.5/9.1 nt
Labadie (1977) sampling solved dispersivitias chosen :
Sonsall Sub~ wealls solids based on unpubiished
basin, Calif. (contam.) literature sources.
Joehn (1983) Layered 23 Malei- 9.2x10—% Ambient (River tn- 2D Uranine Modified Lenda and 4.4 Layer nr
Lower Glatt gravel and tayered a/s to 3.4 filtrating Zuber's approach by 1 0.1
/ailay, Swit- stlcy esnd 6.6x10"3 1.8 into ground= using Ivanovitch and 2 0.01
zeriand n/s 1.2 water) One Saich’s (1978), 3 0.2
welil for dye Breakthrough curves
8.6 injection, show threa peaks; 10.4 1 0.3 (244
4.1 twvo sawpling author atcributes 2 0.04
1.7 wells these to varying K. 3 049
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Table 2-1 (continued)

SUMMARY OF PIELD OBSERVATIONS FOR THE SATURATED ZON®

Rydraulic
Conductivity Clavsific-
Aversge (w/n) . Scale  Disper—  ation of
Reference Aquifer. Apparent or Effective Velo- Test Moni- Hethod of sivity relfebilicy
and Aquifer: Thickness Hetero- Transwiseivity Porosity city Flow Configu- tor~ Tracer of Dats Test M/AvIAy  of AL/AylAy
Site Newa Metertal (m) geneity (w/9) (percent) (m/d) System ration ing Used Interpretation (m) (m) (1,11,11I)t
Kreft et al. Fractured 57 Two~layered 2.5%10~% ¢o 2.4 7.5 Arttificial Radial con~ 13y Lenda and Zuber 22 44-110 11
(1974) dolomite 4,7x10~4 a/s 100 vergent analysis (1970).
Zn-Pb depoatits (pulee in-
Poland put)
A8 Two~layered 2.5x10~% to 2.4 60.1  Artificisl  Radial con~ 131y Landa and Zuber 21.3 2.1 11
4.7x10™4 n/s 22,7 vergent analysis (1970).
(pulse in-
put)
Kreft et al. Limestone 7 Malti- L.Ax10~* w/e  12.3 10 Artdficial  Rsdial con~ 38¢o Landa snd Zuber 77 2.7-27 n
(1974) layered 10.8 vargent analysis (1970).
Sulfur (pulse
deposits fnput)
: Limestone 7 Muite- 112104 w/a 12.3 8.6 Arcifictal  Radial con~ 58¢co Lenda and Zuber AL.S 20.8 1
layered vergent analysis (1970).
(pulse
1nput)
Law et sl. Send sud 1.5 Contains 9x10~4 n/a 30 7 Artificial Radial 41~ 2D c1= Fuaerical/graphical 19 2-3 1
(1957) gravel localized ’ vergent solution to radial
U. Cal. clay lenses (contin~ advection-disparsion
K Berkeley vous in~ equation.
pet) wich
multiple
, oba. wells
Lee, et al. Sand Layered sand 3.2x1075 w/a 0,14 Anbient 5 tnfection 3D 1~ Breskthrough curve pulse <6 0.012 11
(19%0) contsining vells, wul- width used to find Ay -
Perch Lake, emall-scale tiple obs. (1-D solution used).
Ontario heterogensities walls
(1skebed) (pulne
input)
Lelsnd and Fine sand 0.7% Malei- 2.4 to 3x 40 «J=6 Ambient Multiple n c1= Analytical solution to 4 .03-,07 nt
Hitlel (1981) and glacial layered 105 w/s injection 2-D advection-dispersion
Anherst, MA titl and saspling equation.
wells (pulse
-nput)




Table 2-1 (concinued)

StMARY OF FIELR OBSERVATIONS FOR THE SATURATED ZONE -
-I\,: *
fydrauitic 55
Conduetiviry Claseitied
Average (n/s) Scale  Disper=  astiom of
Reference Aguifer  Apparent or Effective Velo- Test Moni~ Hethod of sivity reliabilit
and Aquifer  Thickwess fistere~ Traussiseivity Porostity city Flow Configu- tor= Tracer of Data Test Alayp/iay of A liplb
Site Naeme Meteriel (=) gensicy (n?/0) (percant) (w/d)  Systea ration ing Used Interpracation (») (=) (1,11,11%)
Ivanovich and Practored 2.2x1073 - 0.5 57.6  Artifficial  Radisl con= 82py Cutve fitting using two= 8 3.1 22
Saich (1978) chalk w/s (fast vergent, fast pulse anslytical model,
Dorset, Englend putsa) (pulse input)
Chelk 3.6x10~% 2.3 9.6  Artificial  Radial con~ 82p¢ 8 10 ne
w/a (slow vargent, slow
pulse) (puisa input)
Kiea (1981) Sand Verttcal 9.55x10~5 42 Ambient Geid of 0 Nitrste Computer fit to break~ 25 1.6/0.76 I
New Maxtco State veriation u/a (total sauples through curve bssed on
University of parsa~ porosicy) screened data from one sample
Las Cruses, NN aters ob- at the sita.
served water table. -
Tracer input
was the out~
flow of a
. tracer test
in tha un-
satursced
zone (contsm.)

. Kiotz, et al. Fluvio~ 14 20 Ambient Rasdial con~ 2D 82pr Momenc method but assumed 10 S, 1.9 44
(1920) glactial and vargenc Uranine Ap constant. Landa and }
Dotnach, gravels artificial (pulse Zubar analysis (1970).

Getmany foput)
Kontkow (1976) Aljuvioa 30 Anbient Multiple (I Calibration of numerical 13,000  30.3 m
Rocky Mt. obs. walls sodel.
Avsensl (contam.)
Komikow and Alluviwm, {n~ 23 2.4x10°% 20 Asbient Multiple 20 Dis- Calibration of numerical 18,000 130.5/9.1 mu
Bredehoetr (1974)  homogensous to 4.2x107) oba. wells solved  model.
Arkanses River clay, sile, n/s (contem.) solide
Yalley (at La sand, gravel
Juats), Colorado
Kreft et al. Sand 2.3 3.12103 2 29 Avcificlal  Radial com= 131y Landa and Zuber analysis 5-6 0.18 u
(1974) to 1.5x10~% vergent (1970). .
PFolend n/a (pulse
1.2x10% {apat)
ni/e
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Table 2-1 (continued) . .
SUMMARY OF PIFLD OBSERVATIONS FOR THE SATURATED ZONE

Hydraulic
Conductivity : Classific
Avarsse (n/a) Scale Disper~ atfon of
Refarence Aquifer Apparent or Effective Velo- Test Mont- Method of sivity reliabtld’
and Aquifer  Thickness  Hatero~ Transefssivity Porosity cicy Flow Configu=  tor~ Tracer of Data Test A /Ar/Ay  of A/Mi
Site Name Material (m) geneity (w2/a) (percent) (m/d) System ration ing Used Interpratation (m) (m) (L,IL,III
Mercsdo (1966) Sand and ~ 80 Multi- 2.1x10°8 to 23,3 0.84- Artificial  Stogle kL] 60co Analytical solution <1S D.5-1.5 I-
Oavee Region, sandstone layered 2,4x1078 3.4 vell in- c1= to 1-D advection- (oba. (injection
Isrsel with some w2/a Jection - dispersion equation. watis) phase)
silt and withdrawel
clay (continuous
) {npat)
i
‘s Mayer, et al. Sand 20 Maltl- 0.12  Asbient 1 tnjec- 30 D1y Solution after Lands 2-3 .01,.03,.01, III
Y (1981) layered tion well: snd Zuber (1970), .05 for
: Koebary Nuclear 3 obds. modified to reflect Layers;
s Pover Station, valls tracer conceatrations .42 for
o South Africa (pulse at various depths. depth ave.
{nput) (vhola
aquifer)
Moltnari (1977) Sand 3 Some 8.3x10% co 38 Forced Multiple 20 Heat Fitting of axis~ 13 1.0 144
Saucy (1990) vertical 1,1x10~3 Uniform ssupling symmetric numerical
Ssuty (1977) layering /s Flow wells at model.
Bonnand, France Fleld different
2.7 distsnces 1~ Seuty’s (1977) curve p k] 0.79 1
1.0 from 3 fitting  techniques. 13 1,27 1
2.4 source 131y 13 0.72 I
1.0 (pulse 131y 26 2.2 1
2.0 foput) 131y 33,2 1,94/0.11 t
2.0 131y 32.5 2.73/0.11 I
New Zealand Min-
istry of Works
and Develapment
s
Heretaunga
Aquifer, New
Zealand
Roys Hill Site Creywacke 100 Highly 0,290/ 22 150~  Asbient Muleiple k] 131y, 30 snaiytical solutionm S4-%9 1.4 - 118/ 11
gravel with hetero= 200 obe, wvells RhWT, for puise input. 0.1 - 3.3/
cobbles geneous (pulse 82, 0.4 - 0.10
. input) c1=, .

E. Coli




Table 2-1 (continued)

SUMMARY OF PIFLD OBSERVATIONS POR THE SATURATED ZONE

-

Rydrauiic
Conductivity Classific
Aversge (n/n) Scale Disper— ation of
Reference Aquifer Apparent or Effective Velo- Test Moni~ Method of sivity reliabild
and Muifer Thickness  Hetero~ Transaissivity Porosity city Flow Configu~  tor— Tracer of Data Test A /Ap/Ay  of Ay/Ap/
Site Nawe Material (m) goneity (»2/2) (perceant) (m/d) System ration ing Used Interpretation (m) (m) (I,IX, 11
Flaxmare Greywacke 120 Righly 0.37s2/s 2 20-25  Aabient Muleiple m RRWT, 25 0.3 - 1.5/-/ I
Site 2 alluvive hetero~ obs. 82p¢ 0.06
(aravels) geneous wells
(pulse
{nput)
Haatings City Creywacke fiighly 018,.35 w2/s - 20 Ambient Multiple c1- 290 41/10/0.07 111
Rubbish Duwp alluvivm hetaro— obs.
(gravels) geneocus wells
(contam,)
Naysik and Unconsol~ 27 2.2x10"2 to Ambient Multiple 2D Ammonia Calibration of 20 16.4 2,13 - 3,35/ 111
Bavcelona (1981) {dated 4,3%10~2 wells solute transport model. 0.61 - 0,915
Maredosia, IL sand snd /s (contem.
(Morgan County) gravel event)
Oakes snd Sandstone 4% 2.4x1076 32-48 5.6,4.0 Artificial  1)radial n 82, Mumerical solution of 6 0.16, 0,38 n
Edworthy to 9.6 diverging of advection-disperaion 3 0.31
(1977) 1.4x104 snd equation.
Clipstone, UX »/s 2.4 2)converg~ 2D c1-,I" 6 0.6
3.6 ing 3 0.6
(pulse
input)
Papadopulon Medium to 21 Assumed Sx10™% 25 0.05 Artificial Redfal d1~ 20 Heat Mumarical simulation 7.3 1.5 II
and Larson fine sand none w/s (horiz, vergent using finite difference
(1978) interspersed and 5.1x10™ (continuous techniques.
Mobile, with clay m/s (vert.) i{nput)
Alabema and ailt
Pickens Send 8.5 Seall- 2x1073 o 38 0.15 Artificial  2-well vre- 3D Sler Analysis after Grove and 8 0.5 It
and Grisak scale 2x1074 w/e circulating Beaten (1971).
(1981) crose ’ {continuous
Chalk River bedding input)

15




Table 2-1 (continued)

SUMMARY OF FIELD OBSERVATIONS FOR THE SATURATED zoNE

Hydraulic
Conductivity Classific-
Average (n/s) Scale Disper=  atiom of
Refarence : Aquifer Apparent or Effective Velo~ Test Moni- Mathod of sivity  reliabilriy
and Aquifer Thickness Batero- Transsissivity Porosity city Flow Configu- tor— Tracer of Dsta Test M/bpIAy  of M IMmiN
Site Name Material (m) geneity (nd/s) (percent) (m/d) System ration ing Used Interpretation (m) (w) (L,11,111)t
Pickens Sand 8.5 Small- 221075 eo . 1] 0.15 Artifictal  1-well k1) 131y Analysis after Mercedo 3 0.002-0.09 331
and Grissk scale x10~4 w/s injection (1966) at obs. wells. for layers
(1981), cross withdrawal (0.007 = mean
cont'd. bedding (continuous for layers)
input)
Analysis after Mercado 3 0.03 IIz
(1966) and Gelhar and
Collins (1971) at pumping
well.
Analysis after Mercado 5 0.004-0.015 111
(1966) at obs. wells. for layers
(0.008 = mean
for layers)
Analysis after Mercado 5 0.09 It
(1966) and Gelhar and
Collins (1971) at pumping
well.
Pinder (1973) Glacisl 43 Multi- 7.5x10~% 3% 0.43  Awbfent Multiple 30 cr+é Simulation of chromiuw 103 21.3/8.2 1344
Long Island outwash (ayered n/e (regional) welle concentrations using
(contam.) Galerkin-finite e¢lement
spproach.
Roberts, et al. Sand snd 2 Multi- 1.25x1073 25 15.5 Artificial Radial 2D 1~ Visual matching of ob- 11 5 111
(1981) gravel, layered wlle 12.0 divergent served values with type 20 2 1t
Paio Alto silt ( lower 3.5 (continuous curves given by Ogata 40 8 111
Baylands aquifer) 23.6 input) snd Banks (1961), using 16 4 1t
" 1.9 a 1-D uniform flow 4 1 343
:i‘/’:m solution.
(upper
aquifer)
Robertson (1974)  Bassitic 76 l-‘llo;' b1 10 1.5-8  Aubtenc Regional b1 c1- 2-D solute transport used  2x10% 910713704  III
Robertson and lava and 1.4x10 le : mitiple and solved numerically by
Barraciough sediments ssepling the method of characteris~
(1973) wells tics and compared to field
NRTS, ldsho (contaw.) data.




Table 2-1 (continued)

SUMMARY OF li!l.b OBSERVATIONS FOR THE SATURATED ZONE

Hydrsulic
Conductivity Clsssific-
Average (n/s) Scale Disper-  ation of
Refarence Aquifer Apparent or Lffective Velo- Tast Moni- Method of sivity reliability
and Muifer Thickness Hetero~ Transmiseivity Porosity city Flow Configu- tor= Tracer of Data Teet AL/Aplhy  of M /Ar/Ay
Site Nese Materisl (m) genelty (nt/s) (percent) (m/d) Systea ration ing Used Interprecation (m) (m) (I, IL,II1)Y
Robeon (1974 Alluvial 27 Multi- 2.1x10% to &0 Arcificial 2-weffl re~ 2D c1= Digital program used to 6.4 15.2 111
and 1978) sedinents layered 1x10~2 circulating calculate braskthrough
Barstow, CA w/a (continuous curves, using analysis
ioput) sfter Grove (1971).
40 3 Anbient Regional 2] Die- Wumerical wodel after 104 61/18 11
multiple solved Bredehoeft and Pinder
sawpling solide (1973).
wells
. (contam,)
._".k
9 Robson (1978) Alluvial 30,3 Multi- 5x10~% m/s 40 Ambilent Regional n Dis- ‘Simulation using vertical 3200 61/-/0.2 1t
e Baretow, CA sedimenta layered mltiple solved 2-D molute traneport
- saupling solids wodel.
wells
: (contam.)
Rsbinowits and Fractured 61 Malei- 1.1x1072 to 1 11-21  Ambient Regionai- 2D 3 Assumed input function ~ 32,000 20-23 u
Groes (1972) Iimestone layered 2,9x10"1 wultiple determined Ay, by watching ‘
Roswall Basin /s sswpling 1-D pulse solution with
New Mexico walls concentration data.
(envir,
1input)
Roneselot (1977) Clay, ssnd 12 Malti- 6.5x10~3 14 18 Artificial Redial i) I~ Type curve matching to 9.3 6.9 11
Blyes~-Ssint- snd gravel layered to 1.5x1072 2.1-18 11.5,3.8 converging {adividual layers after 5.3 0.3, 0,7 111
Valbes near w/s 1.8-5.9 46.7,16 (pulse Sauty (1977). 10.7 0.46, 1.1 1III
Lyon, France 11-26 24 {nput) 7.1 0.37 11
Ssuty (1977) Sand snd 12 125,100 Artifical Radial 2D | Type curve matching to 25 11, 1.25 111
Corbes gravel 15.5,78 converging individual layers. 50 25, 6.25 III
6.9 {pulse 150 12.% 1
input)
Segol and fractured 10,5 Assumed 0.45x10"2 25 20 Ambient Regional n c1- 2-D Galerkin finite 490 6.7/0.67 1
Pinder (1976) 1imestone none w/s (horiz.) multiple elemgnt sisulation.
Cutler Arvea, and calcar~ ond sempling
Biscayne Bey sous sand 0.09x10™4 welle
Aquifer, stone n/s (vert.) (envir.
Flovida taput)
2-19




Table 2~1 (continued) y

SUMMARY OF FIELD OBSERVATIONS FOR THE SATURATED ZONE

Rydraulic
Conductivity : Claseific~
Average (wn/e) Scale Disper-  stion of
Reference Aquifer Apparvent or Effective Velo~ Test Moni~ Method of sivity rcelisbilicty
and Auifer Thicknens Hetero~ Transsieeivity Poroeity city Flow Configu~ tor- Tracer of Data Test AL/Ap/Ay  of My /Ap/Ay
Site Newe Material (m) geneity . (w2/s) (perceant) (m/d) System ration ing Used Interpretation (m) (=) (1,11,111)t
Sudicky et Glacto~ 7-27 Moderate 4.8x10°3 to 38 0.07-0,25 Asbfent Multiple k1] c1- Analytical solution to 3-D 11 0.08/0.03 ) §
al. (1983) fluvial 7.6x1075 w/s sampiing sdvaction~dispersion equa-  0.75  0.01/0,005 I
Borden sand wells tion with approach after
(pulse Dieulin (1980).
input)
Glscto~ 7-27 Moderste 1075 vo 10-7 38 0.01-0.04 Awbient Multiple 3 3 Simulation using 1-D solu- 600 30-60 1
fluvial n/n wells (com- tion to the advection-dis-
sand tinuous parsion equation.
1{nput~25yrs)
(envir.
input)
Sykes ot. Sand 5.8 to 7.2 35 Ambient Multiple » c- Simulation using multi- 700 7.6/ /0.076 It
al (1982b x 1075 w/n sswpling dimenaional finite =1.5 (3D model)
and {983) wells difference wodel. 700  1.5-7.6/-/0 111
Borden (pulse ~0.15 (2D model)
input)
Sykea et al. Sand, silt 21 5x10~4 m/s 25 0.05 Artificial Radial k)] Heat Simulation using & I-D 57.3 0.76/-/0.15 II
(1923) and clay (horiz.) and divergent finite difference model.
Mobile, 2.5x10"2 m/a (continu~
Alabana (vert.) ous input)
Vaccaro and Glacio~ 152 9x10~3mi/s 7-40  0.003~ Anbient Multiple a- Calibration of numerical 43,400  91.4/27.4 III
Bolke (1983) fluvtal to 6.5n2/s 2.8 oba. (from model .
Spokane Aquifer, ssnd and welis land use
Weshingron and gravel (contawm.) activ-
Ideho ities)
Valocchi et Sand and 2 Multi- 1,25x1073 25 27 Artificial Radial c1~ 2-D advection—-dispersion 16 1.0/0.1 )3
al. (1981) grevel, silt Layered w/s divergent simulation model used
Palo Alto (lower { continuous {Galerkin finite—element).
Baylands squifer) 1nput)
5,0x10%
wl/e
(upper
squifer)




Table 2-1 (continued)

SUMMARY OF FIELD OBSERVATIONS FOR THE SATURATED ZONnm
Rydrsulic
Conductivity Clessific-
Average (n/3) Scale  Disper—  stton of
Reference Aquifer Apparent ot Effective Velo~ Test Moni~- Method of sivity reliadilicy
and Aquifer Thickness Hetero~ Transmiseivicy Poroesity city Flow Configu=~ tor—= Tracer of Data Test A/dpiny  of M /MpiNy
Site Nave Material (w) geneity (n2/s) (percent) (m/d) System ration 1og Used Interpretation (=) {m) (1,11,111)%
Valter (1983) Practured 7 8,0x10~3 0.7 4.5, Artifficfal Radfal com 20 NTIMB, Type curve matching after 30 10~15 111
wIPP dolomite -i/l and 2.4 vergent PR Sauty (1977).
11 (pulse MFB,
(along taput) para-FB
separate
. paths)
Webater, Procter  Crystallioe, 76 3.6x10~7 1.3 Artificial  2-well » 85gr Grove snd Beetem analysis 538 134 1
and Marine (1970) fractured w/s 21.4 ) (pulse 82y, (1971).
Savennah River schist input)
Plant, SC and gneiss (recir
culating
flow)
Werner, et al. Gravel 20 6x10~3 17 9.1 Ambient Single » Heat Calibration of numericsl 700 130-234 III
(1983) »/s injection model. k1] 131 111
fHydrothermal well with 105 208 344
Tast Stte monitoring 200 234 1484
Aefligen, network
Switzerland
Wiebenga (1967) Sand and 6.1 $.5x10"3 32 29 Artificial  Redial 1311 Analysis after Lenda 18,3 0.26 11
Lenda and Zuber gravel a/s convergent n and Zuber (1970).
(1970) (pulse
Burdekin Delta, input)
Avatralia
Wilson (1971) Unconeoli- 4,3 Molti- 5. 75x10~3 k] Arcificial 2-well 30 - Digital program used to 79.2 15.2 444
Robson (1974) dated gravel layered /s test (non— calculate breakthrough
Tuscon, AZ send, ond racirculat- curves.
sile 1ng) (con— }
tinuous
input)




Table 2-1 (continued)

SUMMARY OF PIELD OBSERVATIONS POR THE SATURATED 20wt

Hydraulic
Conductivity Classtfic-
Average (w/s) Scale Disper-  ation of
Reference Aquifer Apparent or Effactive Velo- Test Moni~- Method of aivity reliability
and Aquifer Thickness Retero~ Transsmissivity Porosity city Flow Configu- tor~ Tracer of Data Test AL/At/Ay  of AL/AT/Ay
Site Mame Material (m) geneity (n2/s) (percent) (m/d) System ration ing Used Interpretation (m) (m) (L, 11,1t
Wood (1981) Sand 1000 2.9%10™% to 35 0.0003~ Anbient Envir. Na* Coucept of hydrochemical 103 5,600~ 111
Aquia Formstion 8.7 x 1074 0.0007 input facies is used. Aquifer 40,000
Southern MD wl/s 18 viewed as s large col-
uvmm; dispersion is deter—
ained by observing solute
concentration contours in
space and using a 1-D sol-
ution to the advection-
dispersion equation after
Ogata and Banks (1961).
Wood and Sand and 17 Mulei- 3.2x10°3 ¢o 78 Artificisl Radisl 2 = Solution after Gelhar and 1.52 0.015 11
Erlich (1978) Kravel layered 4.4x10~3 conver~ Collins (1971).
and Bassett, -2/- gent
et al. (1980) (pulse
Lubbock, TX input)
Notes PFR « Pentafluorobenzoate

Ap, = Lorgitudinal dispersivity
Ay = Horizonts! transverse dispersivity
My = Vertical treneverse dispersivity

#* a porosity-corrected dispersivity value.
t Por description of clsesification criteria,
see text.
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SCN = Thiocyanate

MIPMB = Metatrifiuoromethylbenzoate
DFB = Orthofluorobenzoate

HFB = Metafluorbentoate

Para~FB = Parafluorobenzoate
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the 53 sites axaminad, artificial flow systems wers used in roughly half of the
axperiments.

Ambient flow systems are important in detarmining regional disparsivities, i.s., on
scalas of greater than approximately 100 m. Usually dispersivities are calculated
for such regional systems by calibrating a numarical model of a contaminant or
natural tracaer that is observad i{n multiple walls in the study area. Controlled
tracer tests hava not been parformad on the scala of tha ragional models because of
the langthy observatioa times; however, some smallsr scals tasts (less than 100 m)
have bean parformed in ambiant flow systems. Ambient (or "aatural gradient") flow
systems were used ia 27 of the sites examined.

A third type of flow system that was used in only one case, Bonnaud, Francs (Sauty,
1977) is referred to as "forced uniform flow.” Ian this type of system, a uaniform
flow £1ald i3 generated batweea two lines of equally spaced wells, one line
recharging and ona line pumping, with both screened to the full depth of tha
aquifer.

Monitoring configuratica (two dimensional vs. three dimensional) was noted dus to
the i{nfluence of vertical mixing in an observation well on tha conceantration of
tracer in a water sample. Savaral studiass (Meyer, et al., 1981; Pickens and Grisak,
1981) have shown that when a tracer {3 not injected over the full aquifer depth,
vertically-nixaed samples underaestimate tha tracer coaceatratica and coasequeatly,
the longitudinal disparsivity 1s overestimzated. This caan occur when the tracer
occupias only a portion of the vartical thickness, but a sample from the entira
thickness is taken. The truas tracer coanceatration is then diluted with asseatially
tracer—-fres water. If ons then attempts to model the diluted ("measured”)
concentration, the dispersivity must bs overestimated in order to obtaian enough
tracer spreading (dispersion) to yield the "measured” concentration. Whers poiat
sampling “as reported, it is notad as “three-dimensional™; this was the case at 19
sites. Although two-dimensional (vertically-mixed) sampling was reported for most
other sites, there were many sites for which no indication of whether point or
fully-nixed sampling was performead.

Noting informatioan on test coafiguratioa is important because some tests are of
questionable valua in that they may not be providing a measure of actual field
dispersivity. The various test configurations used to generate artificial flow
syatems are: (1) radial convergent, where the center well is pumped and the tracer
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is introduced into the observaticn well; (2) radial divergent, where the tracer
solution is injected into the center well and the tracer breakthrough s observed at
the observation well; (3) single well injection ~ withdrawsl, where the tracer
solution is injected into the center well for a period of time and thea pumped back
out of the same well with tracer measurement during the pumping cycle; (4) two-well
or "doublet”, where the tracer solution is injected in one well with measurement of
the tracer concentration as a functiocn of time in the pumping well. The details of
these tests are discussed by Thompson (1981).

Typically at least oane observation well is used for sampling tracer concentratiocus
with these tests, but sometimes multiple observation wells are used. Alsc noted in
Table 2-1 is whether the tracer input was s pulse or step. This {anformatiocn {s
importaat in evaluating the interpretation of the data from each tracer test.

The tracers used to measure transport at each site were also recorded as a factor to
be considered in evaluating the teitability of the calculated dispersivities. The
tracers used to determine dispersivity can be classified as artificisl, environ-
mental, or contaminant. Artificial tracers are those which are purposely iajected
into the groundwater, and therefore the input conditions are usually well defined.
Also they are not usually present naturally in the groundwater, or are injected at
concentratiouns very much higher than natural background levels. Artificial tracers

used in ﬁhe published literature reviewed included: 855:, 9°St. c1=, 17,

uranine, 131, rhodamine, fluorscein, pentafiuorobenzoace (PFB), thiocyanate (SCN)
anioans, metatrifluoromethylbenzoate (MTFMB), orthofluccrobenzoate (OFB), metaflucro-
benzoate (MFB), parafluorobenzoate (para~FB), 51Cr, temperature (hot or cold
water), 50co, 5800, and 82pr,

Envircnmental tracers and chemical contaminants can also be used to determine
dispersivities, although their input conditions are not as well defined es those of
artificial tracers. Eavironmental tracers are coustituents associated with
uacontrolled natural changes occurring in the groundwater before the start of a
study. Tricium, sodium, and chloride were the cases examined. Contaminant tracers
typically result from sccidental events such as seepage of fndustrial wastes from
disposal ponds or roadside chemical spills. Hexavalent chromium and ammonia are
éxamples of countaminant=type tracers used to determine fleld-scale dispersivity that
were found in the literature search.
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Also notad for each test situation was tha type of data interpretation used by the
author(s) in determining dispersivity. Data iacterpretations were nearly as varied
as the number of tests conducted; they ranged from one-dimensional analytical
solutions to numerical methods, or somstimes soma combination of saveral
techniquas. This information was collected to use as part of the subsaquent
judgement of tha raliability of the dispersivity values.

As a result of this genaral rsview, savaral observations can be mada based on the
data presented in Table 2-1 and Figurae 2-1. First, it would appear that
dispersivity increases indefinitely with scala. Field observations of disparsivity
ranged from 0.0l m to approximataly 53500 m at scales of 0.75 a to 100 km. These
values of flald-scale dispersivity do not appear to be related to the typs of
aquifer materisl (porous media versus fractured media) or the thickness of the
aquifer svaluatad; for axample, at each distance thaere was frequently a two—ordar
magnitude range i{n dispersivity for similiar aquifer matarials.

Froa the axaminatioa of thae cases whare three-dimensional measurements of solute
concentrations waere made, it 1s clear that tracers tend to travel in zones of
limicted vertical sextent, and that vertical mixing of the tracer as it travals
through the aquifaer is often vary small (Sudicky, Cherry, and Frind, 1983; LeBlanc,
1982).

DETAILED ANALYSLS OF SELECTED SITES

Two sites haviag extensive, good quality data wera selected for datailed analysis
illustraciag mathodology and additional interprataticn. The Borden landfill sits in
Canada 1s used to 1llustrata the mathod of second moment analysis to datermina
three-dimensional dispersioa charactaristics and demonstrata displacement dependence
of cthe dispersivities. A generalized moment method of this type will be used to
analyza the proposed f1eld axparimeats; the observations are designed for this
purpose. The Boannaud site in France i3 analyzed to illustrate how data on spatial
variability of hydraulic coaductivity can be usad to predict dispersivitias.

Borden Landfill, Canada
Sudicky, Cherry, and Prind (1933) reported the results of a natural gradieat tracer

tast using chloride as a tracer at the Borden Landfill in Ontario, Canada. Point
sampling was used to determine tracer breakthrough coaceatraticn, and a three-
dimensional analytical solution to ths advection-dispersion equation was fitted to
the field data to obtain ascimates of longitudinal, transverse, and vertical
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dispersivities. Values of 0.08 m and 0.03 m were obtained for loagitudinal and
transverse dispersivities, respectively, at & distance of 11.0 m from the scurce.
Vertical dispersion was found to be very weak and was attributed to molecular
diffusion.

The data gathered for this study are considered to be of high quality because
mulcilevel sampling was employed and che test was conducted under ambient field
conditions, However, the values derived for the dispersivities are questionadle
because the analyticel solution used assumes that d{spersivities are constant in
time and spasce. The purpose of this section is to use the method of moments (see
e.g., Flscher, et al., 1979) &s an alternate method of analysis to estimate the
dispersivities. This method is advantageous in that it does sot make the s priori
assumption that the dispersivicies are coustant in time {or displacement distance);
conversely, it can be used to make observations asbout the unature of the
dispersivities, e.g., whether they are constant or are growing with time (mean
travel distance) from the source.

For steady uniform saturated (S = 1) flow {n the x; direction, where xj, X3,
and x3 are the principal axes of the dispersion tensor, and Dij is spatislly
constant, (1-2) can be written in a moving cocordinate system ass

2

c. a‘c -
5t Py 36, o (2-1)

@»

where
£1 = x3 -~ qit/n
£2 = x2
£3 = x3

Mulciplyiag (2-1) by E\z‘ and {integrating
m o Ve a, e, -5 el &, 8,

3.C C

Noting that Dgy = 0 when 12 j, and integrating the last term by parts using the

condition C+ 0 as £y + =, ylelds the folloving expression relating the second
moment of the concentration to the dispersion coefficient
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T = 0, k=1, 2, 3 (no sum) ' (2-2)

(M (x -3 ca, &, &,

o (2-3)

{If CE, &, &,

wherae

;k = mean displacement of the tracar in the x¢ direction

Using the dispersivity relaticaship of (1-5) and taking the mean velocity v = q;/n
as coastaat,

d,Z

|3
—_— (2-4)
dx ZAk

whara x = vt and Ax denotes one of the three principal components of the
dispersivity.

Given that the x; axis has been aligned with the mean flow in the
developmeat of (2-2), Xz = x3 = 0.

1f valuyas of o%_versus‘i are plotted, thea the naturs of Ay as a functiocn of

time (or mean travel distanca) can ba obtained. FPor exampls, if a: versus x
plots as a straight line, then Ay can be considered a constant. Rearranging (2-4)
and intagrating with Ay constant gives

ai -2 Ak; + const (2-5)

so that the macrodispersivity is given by

Ak = nf2 (2-6)
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vhere m iz the slope of the a% versus x graph.

The values of Ag so obtained can be interpreted as average macrodispersivities
between two locatioms.

If values of<:§ versus 22 plot as a straight line, then Ak can be viewed as
growing linearly with distance. Rearranging and {ntegrating (2-4) with Ay a
linear function gives

2

o, = a + biz a, b = coastants (2=7)

and A, can be expressed as
A =bX (2-8)

where b is the slope of the straight line.

This type of analysis was carried out using the data reported by Sudicky, et al.
(1983); the moments were determined from the data for the "slow zone" in their
Figures &4 and 5 for 29 and 121 days plus an estimate based on the initial injection

configuration. A plot ofc:é versus x (where X] *X, X2y, X3 =2) is

shown in Figure 2-4; cﬁ versus x? is shown in Figure 2-5. Because there are

only two dacts points, {t is difficult to ascertain vhich behavior the dilpetliviiie:
may be exhibicing (e.g., constant va. growing linearly with mean distance). Earlier
reports (Sudicky and Cherry, 1979, Figure 10; Sudicky, et al., 1983, Figure 15) of
more detailed data for the "fast zone” clearly show increases of longitudinal
dispersivity with distance at the Borden site.

Showa in Table 2-2 sre the values of loangitudinal, transverse, and vertical
dispersivities derived from these analyses compared with those reported by Sudicky,
et al. (1983). Assuming a linear change in dispersivity with displacement (the
ceater column of Table 2=2), the value obtained for Ay is more than four times,

and the value obtained for Ay is slmost three times, larger than the values
obtained for dispersivities using the three~dimensiounal anslytical solution. The
moment analysis therefore indicates that & priori asssumptiocuns regarding dispersivi-
ties could be incorrect. Based on the fact that ftéld dispersivities sppareuatly
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Table 2-2

DISPERSIVITIES DETERMINED FOR

BORDEN LANDFILL, ONTARIOQ

Method of Moments

Constant Ap Linear Ap
(Figure 2-4 and (Figure 2-5 and
Equation 2-6) Equation 2-8)

1.7 to 11.2 m at 11.2 m

Analytical Solu-
tiou by Sudicky,
et al, 1983
Scale = 11.2 o

Ax(n)

Ay(m)
Az(m)
Ax/Ay
Ay/Ag

0.19 0.36
0.045 0.084
0.00125 0.0019
4.2 4.0

36 | 44

.08
.03
9.3x10"3
2.7
321

Based on Dpy = 1.0x10710 n2/s with v = 1.07x1075 n/s
(Sudfcky, et al., 1983, p. 105).
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increass with scals, this altarnats method of analysis allows disparsivities to bs
calculated without assuming that they are coastant.

Nota that tha value of vertical dispersivity for Sudicky, at al. (1933) {n Tabla 2-2
was based on their valua attributad to molecular diffusioa (Dgy = 1.0 x 10-10

mzls) which they claim produced "best agrsement” with measurements. Ths moment
analysis shows that the vertical dispersivity A, {s an order of magnitude larger,
though still rather small (1 to 2 mm). This small vertical dispersivity is
consistent with ths small values predicted from stochastic theory (sea Gelhar and
Axnass, 1983, Table 3, Case 2),

Bonnaud, Franca

Tha French Bureau of Gaologic and Mining Research (BRGM) carried out a number of
tests to deternine aquifer parameters at a fisld site near Bonnaud, France. Tracer
tasts in a confined shallow sand aquifar undsr conditioans of pulse injection and
forced uniform flow yiasldad data from which dispersivities could be calculatad.
Using Sauty's type curve matching techaiques, values of dispersivity wera found to
be: Ap = 2.7 m; Ap = 0.11 m (Sauty, 1977).

Galhar and Axnass (1933) have prasentad a stochastic theory for predicting macrodis~-
persion ian aquifers. The data from Bonnaud {s usaed hare to demoastrats an applica-
tion of Casa 2 (Horizontal Stratification with Horizoatal and Vertical Aaisotropy,
p. 170) of that theory. The appropriate predictiva equation is Equation 69 of
Gelhar and Axness (1983); Saction 7 of that paper thoroughly illustrates the
application of the theory with several sample calculations. Readers intarestad in
the details of the stochastic approach should coansult that source.

The paramatars required for application of the stochastic theory wera detarmined as
follows.

Logs of vertical fluid velocity in pumped boreholes (Peaudecerf, at al., 1975) wara
used to astimate the autocovariance fuaction of the log hydraulic conductivity
assumiang that the hydraulic coanductivity was proportional to the local inflow rate
along the borehols. From the autocovariance, the variance of 1loK and the vertical
corrslation scala (A 3) wers estimated to be 1.20 and 0.30 m, respectively.

From the hot water injecticn tasts, maps of hydraulic head were constructed by BRGM
(ses a.g., Pabris, 1973, PL 5-6). This {anformation provided an estimate of § = 60°,
the angls between tha direction of flow and the major axis of the hydraulic
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conductivity teansor. In addition, measurement of the axes of the hydraulic head
ellipsoid provided an estimate of K'1)/K'27 = 1.76. Knowing this ratio, the

value for o2y, and aésunu.ng a value of 1\}/A3 of 20, A 1/A2 was

‘estimated to be 19 from Equation 63 and Figure 4a of Gelhar and Axness (1983). The
implied configuration of the hetercogeneous sedimgnt bodies, with the horizontal
scale A 2 almost the same as the vertical scale 13, is not at all realistic. Ve
expect A 2 to be much larger than A3 in stratified sediments. With these initial
parameter estimates, the longitudinal dispersivity Aj; is equsl to 0.56 m (from
Equation 69) which is a factor of 5 smaller than that determined from the tracer
test (A)) = 2.7 m, Sauty, 1977). We suspect that the lnK covariance and the
resulting parameters, c:nx and % 3 deternined from the borehole flow meter,

are not relfable. Hufschmied (1983) has shown that ambient vertical hydraulic
gradients can have a very important effect ia such borehole flow measurements. The
effects of vertical gradieats vere not accounted for in the measurements at the
Bonnaud site.

Assuming the following plausible values of the parameters GS:uK = 1.2, A3=lm,

A1 =20 m 22 = 3 m), Equation (2-9) ylelds Aj; = 3.1 m, Ax2/Aj] = 0.04

(the ratio of longitudinal to transverse dispersivity), and Killkiz = 1.1, which are
in reasouable agreement with the observed values (Ap = 2.7 m; Ap = 0,11 m;

Kil/‘iz = 1,76). In any case, the main point is toc illustrate the method of
analysis which can be used to determine field-scale dispersivities., This enalysis
also demonstrates the need for developing reliable field methods of determining the
statistical parameter of hydrsulic coaductivity variatious. 4

A number of dispersivity determinatfons have been done at the Bonnaud site.
Molinari and Peaudecerf (1977), in Tabdle 1, repoert longitudinal dispersivity values
ranging from less than 0.5 m to over 2 m for displacement distances of 13 m to 33 m.
These data clearly show an increase of dispersivity with distance (see also Figure
9, Gelhar, et al., 1979). Single-well hot water injection tests (Sauty, et al.,
1982) have also been used to determine the longitudinal dispersivity for heat
trlnspdrt. In these experiments, which involved displacexent of the thermal froat
out to 13 m, the dispersivity was found to be {n the same range as for chemical
tracers (Molinari and Peaudecerf, 1977).

EVALUATION AND INTERPRETATION

Reliability of Dispersivity Data

The ifoformation collected on test conditions and data interpretations was used
primarily to assess the reliability of the reported dispersivities. The objective
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was to detarmine, {insofar as possible, whathar fisld-scals disparsivicty was actually
measured by tha tests conductad. Beforas proceeding, we wish to make a claar
discinction batween the reliability of the reported dispersivity and the worth of

a study. Often, the purposs of a study was something othar than the deteraianation
of dispersivity. Our classification of dispersivity is not intended as a judgement
on the quality of a study as a whole, but rathar to give us some critsria with which
to screen the large aumber of data values obtained. By using ﬁho mora raliable
data, conclusions which evolve from tha data will be more soundly basad and
alternative intaerpratatiouns may become appareant, Tha primary factors considered in
making this assessment includad: tha monitoring datail employed (two-dimensional as
opposad to three-dimeansfonal), tracer used, type of tast rua, aand data
intarpratation.

The reliability of tha reportad dispersivities was classified as asithaer high,

. fatermediats, or low. Tabla 2-3 lists the critaria used to classify a disparsivity
as sither high or low reliability. No spacific criteria ware definad for the
intarmedi{ate classificacion becausas it was inteaded to eacompass those dispersivicy
values that sizply did aot f£fall {nto the high or low group. As defined, the
classifications do not place a strict aumerical confidence limit oa reported
disparsivity, but rather are iatended to givse an order of magnitude sstimate of the
confidence wa placed on a given valus. In general, wa consider high rasliabilicy
dispersivities to ba accurats to within a factor of about two or three. Low
raliability data are considered to be no more accurats than within one or two orders
of magnitude. Iantarmediate reliability falls scmewhers between the extremes.

High Reliadility Dispersivity Values. For a reported dispersivity to ba classifiad
of high reliadility, each of the following criteris must have been mat.

1. Tha tracer test was aeither uaniform flow, diverging radial flow or a two-well
pulsa test (without recirculation). ’

Thess thrae tast configurations produca breakthrough curves which are sensicive
to the disparsion coefficieat and appear to work well in f{eld applications.
The radial converging flow test i3 generally cousidered less satisfactory
bacausa breakthrough curves at tha pumping well for convergeant radial flow
teats frequeatly show tailing that complicates the iatarpretation of these
tasts. Some researchers attributa this behavior to two or mora discrets layars
and try to reproducs the obsarved breskthrough curve by the superposition of
breakthrough curves in asach layar, where the properties of each layer may
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Table 2-3 -

CRITERIA USED TO CLASSIFY THE RELIABILITY OF
THE REPORTED DISPERSIVITY VALUES

High Belfability Dispersivity Values

» The tracer test was either uniform flow, radial diverging flow, or
wwo-well instantaneous pulse test (without recirculation),

» The tracer input was well defined.
¢« The tracer was coaservative.

» The spatial dimensicnality of the tracer concentration measurements
was appropriate.

*» The analysis of the tracer concentration dats was appropriate.

Low Reliabilicy Dispersivity Values

¢« The two-well recirculating test with a step input was used.

» The single-well injection-withdrawal test with tracer moumitoring
only at the single well was used.

+ The tracer input was uot clearly defined.

+ The tracer breakthrough curve was assumed to be the superposition of
breakthrough curves in separate layers. )

o« The measurement of tracer concentration iun space wvas inadequate.

» The equation used to obtain dispersivity was not appropriate for the
data collected.
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4.

diffsr (a.g., Ivanovitch and Samith, 1973; Sauty, 1977). Tha problem with this
interpratation is that thera ars typically numarous hsterogenaities on a small
scala that cannot da attributad solaly to identifiable layars. Ona possible
axplanation of the tailing in radial convergant tests could be boreholas
flushiag -~ that is, the possible tailiang produced dy slow flushing of thae
tracer out of tha borehola by thas ambiant flow. Goblat (1932) measured the
slow flushing of tracar out of the borehole and used a coavolutioa {antegral
solution to raproduce the tailing obsarved at the pumping wall. In casaes whare
borahola flushing was observad and accounted for, disparsivities obtained from
a radial coavargent flow tast were not excluded from the high quality category.

The tracesr input must be well definad.

Both ths input concentration and the temporal distribution of tha input
conceantrations must be measured. If nmot, tha input {s another unknown in the
equation, and we are less confident in the dispersivity.

The tracar must ba coasarvative.

A rsactive or aocacongervativa tracar complicates tha equatioans and rasylts in
addicional paramaters that myat ba estimared. Consequeatly, we azas leas
confident in tha rasultiag disparsivity. Tracers such as C1=, I, Br™, aad
tritium were considered to be coanservativa.

The dimensionality of tha tracer concentration measuremeals was appropriate.

A tracar, or solute, introduced into an aquifer will spread in thrae
dimensions. High reliability disperaivities wers judged to be those whers
thras-dinensional mounitoring was used in all casss axcept whare the aquifer
tracer had been injected and measured over the full depth of the aquifer; in
tais case two-dimensfonal moaitoring was acceptadble. In all other cases --
where the dimension of measurement was asither not reported, or where
two~d{aensional or one~dimensional measurements wars used vhers
three~dinensional measurements should have been used —— the data were judged to
be of lowar raliability.
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S. The analysis of the concentration data was appropriate.

Since the interpretatiou of the tracer data is necessarily linked to the type
of tracer test to which the intetpre:atipn method 1s applted; these two
features of the field studies were evaluated together. The four general
categories of data interpretations caan be grouped as: (1) breakthrough curve
analysis, ususlly applied to uniform flow tests snd radial flow tests (e.g, '
Sauty, 1980); (2) type curve matching, usually applied to uniform flow tests,
radial tests, and two-well tests (e.g., Grove and Beetem, 1971; Ogata and
Banks, 1961; Sau:y. 1977; and Gelhar, 1982); (3) method of spatial moments,
uniform flow tests .fischer, et al., 1979); and (4) numerical methods, applied
to contamination events (e.g., Pinder, 1973; and Konikow and Bredehoeft,

1974). Many of the specific probleﬁa with most data interpretation methods are
discussed in the sectious on high reliability (poiat 1) and low reliabilicy
(points 1, 2, 3, 4, 6) dispersivity values. However, two pertinent pcints are
discussed below.

Oune obviocus difficulty with the data interpretation is that in uaing either
breakthrough curves or type curve matching to determine dispersivity, the
solution usually assumes that the dispersivity is constant. The field data
collected by this literature search suggest this assumption is not valid, at
least for smalle~scale tests (tens of meters). At larger scales (huandreds of
meters) an asymptotic constant dispersivity is valid theoretically. However,
at most sites the displacement distance sfter which the dispersivity is
constant {s oot known. Therefore, high quality data were judged to be those
for vhich no a priori assumptions were made regarding the dispersivity.

A second major problem with many of the analyses reviewed was that a one- or
two-dimensional solution to the advection-dispersion equatiou was frequently
used wvhen, in fact, the spreading of the plume under consideration was three-
dimensional in nature. High quality dispersivities were those for which the
dimensf{ounslity of the sclute plume, the loldtc measuresents, and the data
analyses were cousistent.

Low Reliability Dispersivity Values. The classification of a reported dispersivity
as being of low reliability resulted if one of the following criteria was met.
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The two-wall recirculatiang tast with a step input was used.

Thae problem with this coafiguration is that bsyond initial times, the
breakthrough curve is not strongly influenced by dispersion, but rather is
determined by the differeat travel times along the flow paths established dy
injection and pumping wells., As a result, the two-waell tast with a step input
i3 ganarally lnsensitive to dispersivity.

type ware considarad to producs data of low rallabilicy.

For this raason all tests of this

The singla-well injectioan-withdrawal tast was used with tracer monitoring at
the pumping wall,

A difficulty encountered in che small-scals single-wall {anjaction-withdrawal
test (where watar {s pumped {an and out of tha sama wall) {3 that {f observa-
tions ars made at the production wall, the dispersion process observed is
diffarent than ona of unidirectional flow. Ths problem stems from the fact
that macrodispersioa naar the fanjection well i3 due to velocity differencss
associated with layarad hatarogenity of the hydraulic conductivity of tha
med{um. In thae single~wall test with observations made at the productica wall,
one {s simply observing tha effects of raversing the velocity of the water. If
tha tracer travels at diffareat velocities {an layers as it radiates outward, it
will also travel with the same velocity pattera as it {s drawn back to the
production wall., As a result, the mixing process {s parti{ally reversible and
the dispersivity would bs underestimated relative to tha valus for '
unidirectional flow. Haellar (1972) has carried out experiments which

demonstrata this raveraidility effect, on a laboratory scale.
The tracer input was not clearly def inad.

When a contamination avent or aa environmental tracer is used, ths tracer input
(both quantity and temporal distribution) is not wall defined and henca becomes
anothar unknowa 1in the equation.

The tracer breakthrough curve was assumed to bs the supsrposition of
breakthrough curves ia separata layers.

These studies genarally assumae the matarial is perfectly s;ra:t!ied which,

especially at the field scale, may aot be valid. At a small scale (a few
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meters) where continuous layers may be a reasomable assumption, the
dispersivity of each layer does not represent the field-scale parameter. The
field-scale dispersivity is a result of the spreading due to the different
velocities {in each layer. Therefore, modelling separate layers is not & good
method to determine field-scale dispersivities.

5. The measurement of tracer coaceatraticn in space was inadequate.

Ia uvaiform flow the tracer is often distributed in three-dimensionsal space, but
if the measurements are two dimensional or ocne dimeasional then the true tracer
cloud cannot be modelled due to & lack of data. If the tracer is introduced
over the eatire ssturated thickness, then tuo-dtmensioﬁal measyrements would be
adequate.

6. The equation used to obtain dispersivity was not appropriate for the data
collected.

Varfious assumptions regarding flow and solute characteristics are made in
obtaining a solution to the advection-dispersion equatioa. To apply a
particular solution to the data from a field experiment, the assumptions in
that solution must be valid for the experiment. One common example where the
assumptions are not valid for the experiment i{s the case of & cne-dimensional
uaiform flow solution applied to a radial flow test, because the coaverging (or
diverging) flow fleld around the well is clearly aocanuaifors.

In this classification process very few dispersivity values were judged to be of
high relisbility. Thesa few included Bounaud, Borden, Palo Alto Baylands,
University of Californis~Berkeley, and Yvane Ragion, Israel. There were 38 sites
for which the data were judged to be of low reliadbility for one or more of the
reasous discussed above; 18 sites provided data that vere judged to be of
internedists relfability. Figure 2-6 depicts the longtﬁdtul dispersivity data
replotted with symbols reflecting the reliability classification; the largest
syabols indicate dats judged to be of highest reliadility.

The general compilation of all of the dispersivity data ia Figure 2-1 indicates that
the dispersivity lacreases indefinitely with scale but, after critically evaluating
the data in terms of relfabdbility as shown in Pigure 2-6, it becomes evident that
this trend may be more apparent than real, The largest high-reliability
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dispersivity is around 3 a (Boanaud) and the largest scale of high reliabilicy
values 13 on tha order of 100 m (Yvane, Israal). It {s not clear f:&m the data
whather disparsivity increases indefinitaly with scale or whether the relatioaship
becomes asymptotic for very large scalas, as would be predicted by the stochastic
theory of Gelhar and Axness (1933). This points to a need for fiald experiments
designed to obsarve tha displacement dependence of disparsivity at scales up to

100 n or mora.

Another important point that {3 highlighted by this analysis is the three-
dimensional naturas of soluts plumes. Thare i3 a aeed to recognize this fact and uss
threa~dimensional solutions ian datarmining dispersivity. All the sites which had
exteasive three-dimensional moanitoring clearly show three-~dimensional character of
the plumes with vary limiced vartical mixing (e.g., Bordea (Sudicky, et al., 19383);
Capa Cod (LeBlanc, 1982); Long Island (Perlmuttar and Lieber, 1970; Pinder, 1973);
New Zealand (New Zaaland Mianistry of Works and Development, 1977); Aefligen,
Switzerland (Werner, at al., 1983)). Future field experiments should ba designed to
obsarve this three-dimensional structuras.

Other Transport Parameters

Although the primary emphasis of this review was the dispersive nixing
charactaristics, some othar important physical transport parameters ware also N
considarad. Effective porosity 1is a key transport parameter that determines the
maan rate of movement of an inert solutae {n an aquifar. The data summarized {a
Table 2-1 show that affective porosity can vary over a wide range. For example,
valuas of effective porosity for alluvial sand and gravel aquifars ranging from 20
to 40 percent have been used in modelling. Frequently, values near tha upper end of
this range (Pinder, 1973; Robson, 1973) or the lowar end of this range (New Zealand
Miaistry of Works aand Developament, 1977; Koaikow and Bradehoeft, 1974) are fouad,
but in many cases the values seem to be arbitrarily chosen. This uncertainty in
effactive porosity meaans that predictions of mean contaminant movement can involve
largs arrors. Thaere is a need to develop methods of msasuring in-situ effectiva
porosity at the f£ield scale. Fisld experiments should bde de;igned to aevaluate
methods of determining f{eld-scale effective poroasity. Specifically, it should ba
detsrnmined to what exteat small-scala tracar tests {on the ordesr of a few meters)
can be used to predict large~scale effective porosity.

Molecular diffusion may affect the contaminant trassport process in aa aguifer. The
dispersion coefficient 1s usually sxpressed as the sum of molecular diffusion and
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mechanical dispersion due te the local velocity varistions in the porcus medfum. It
i{s usually assumed on a field scale that the effects of molecular diffusion on the
dispersion coefficient are negligible compared to mechanical dispersioa, so that
field dispersion {s aolély a function of the product of the dispersivity and the
mean velocity. The experimeats at the Bounaud site provide some field evidence that
this is the case, In tests reported by Sauty (1977) and Sauty (1980) hot water aad
the chemical tracer 1311 each provided identical dispersivities at the same
distance, using the same test. Because the effective thermal diffusivity is several
orders of maguitude larger than diffusioa coefficieants for chemical solutes, these
results support the assumption that molecular diffusion does not affect the
field-scale dispersion coefficient. )

None of the field tests summarized inm Table 2-1 were specifically designed to
evaluate the effect of molecular diffusion, and we have not detected any effects in
the observations which can be definitely attributed to molecular diffusfcn. On the
other hand, some studies have attributed an importaant role to molecular diffusion.
Sudicky, et al. (1983) interpret molecular diffusion as being the dominant mechanism
for vertical dispersion, although our reanalysis of the data does not support this
interpretation. Future field experiments should be designed to evaluate the effects
of molecular diffusica. This can be done by simultaneously using tracers with
distinctly different molecular diffusion coefficients.

The fluid properties viscosity and density may be significantly affected by solutes
at high concentratioans as well as by temperature. None of ihe field astudies
explicitly coasider effects of varying density or viscosity. Some field
observations for landf{ll plumes {Kimmel and Braid, 1974; Sudicky and Cherry, 1979)
seem to indicate that the density excess associated with the solute conceatrations
on the order of 104 ppm causes the plumes to sink, but this effect has not been
investigated quantitatively. Rather, uumerical modelling of the landfill plume at
the Bordean site iguored this effect (Sykes, et al., 1982). It can be expected that
density and viscosity changes will alsc affect dispersive mixing. A stsble density
stratification {s likely to suppress vertical mixing (Dagan, 1966). Enhanced mixing
can be expected whea a lowar viscosity fluid displaces one of higher viscosity.

This viscous 1astability effect is discussed in the review by Wooding and

Morel=Sey toux (1976). Howaver, the classical treatments of viscous snd/or
gravitational {anstadbility counsider only homogeneous porous media and as such are of
lictle velue {a quantifying field-scale phenomena. Ougoing theoretical research at
MIT sponsored by the National Science Foundation is exploring the effects of density
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and viscosity diffareaces in hatarogeneous media using stochastic methods. Many
solutas that ars of eavironmental concern occur at low conceatraticans that will aot
producs significant density or viscoaity changes. Futurs field axperiments should
bs dasigned to minimize the effects of deasity and viscosity changes.

CONCLUSIONS AND RECOMMENDATIONS

The rasults of the genaral raview of field-scals dispersion data show that
longitudinal dispersivities range from 1l ca to 5 km over scales from 0.75 a to 100
km; the dispersivity appears to incresasa indefinitely with scale (Figure 2-1).
Aftar assessiog tha reliability of the dispersivity data (Pigure 2-6), the trend of
increassing disparsivity with scale is much less definitive. These rasults point to
the nsed for fleld expariments designed to observe the displacement dependenca of
dispersivicies at scales of at laast 100 n,

Tha datailed analysis for the Borden sits, as wall as the general results of savaral
sites with thrae~dimeansional mounitoring, clearly democastrate the
three-dimensionality of plumes and ths very small vertical transverse dispersivity
which is common to stratified sedimentary deposits. Field experiments should be
designed to monitor the three-dimensional structurs of the tracer pluma.

The fisld-scale aeffective porosity, an important parameter determining the mean ratas
of movement of an inart solutes, was found to vary over a wide range, aven for
similar materials (e.g., 20 to 40 perceat for sand and gravel). Field expariments
should be designed to evaluate mathods of datermining field-scalae effective porosity
from small-scala tracer tests. No systematic effacts of molacular diffusion on
dispersive transport wers detected in the data reviewed., For very hetarogeneous
media with a significant amount of fine-grained material, some influence on
molecular diffusion can be anticipated. Field experiments should be designed to
evaluate the effect of molecular diffusion by using tracers with distinctly
different molecular diffusion coefficients.

Tha thres-dimensional stochastic theory of Gelhar and Axness (1933) provides a
general predictive framework relating ths macrodispersivity tensor to the spatial
statistical properties of hydraulic conductivity. Pleld experimeats should be
designed tb measure the spatial variability of hydraulic coanductivity and evaluats
the predictive capabilities of the stochastic theory.
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Section 3

UNSATURATED TRANSPORT PROCESSES

This portioa of the review emphasizes fleld-scale physical processes which affect
the trausport of inert solutes through unsaturated natural porous earth materials.
Laboratory-scale phenomena are not emphasized because these are covered in
textbooks, (e.g., Hillel, 1980) and review articles (Arnold, et al., 1982), and are
not applicable to quantify field-scale behavior. We emphasize the classical case of
{isothermal liquid water flow in {deal porous media whose physical properties are not
altered by water or solutes. Several non-classical effects are discussed by Nielsen
and Biggar (1982), Numerical models also are not emphasized because these are
revieved by Oster (1982),

Alchough numerical modeling of unsaturated flow and transport at fleld scales of
teas or hundreds of meters is attempted, there is no evideace that the dominant
unsaturated flow and transport processes in such field sectings are presently
quantifiable. Some theories and such models exist, but their velidity and
reliabilicy has nct been demonstrated (Arnold, ec al., 1982, pp. 340-342). A
serious obstacle to the application of field-scale flow and trausport models is the
difficulty of determining the necessary parameters in view of the extreme
heterogeneity of natural media., Furthermore, the proposed theories and models have
not been tested adequately with field data at scales greater than a few meters.
Even though the existing field information is oot exténslve. an analysis and review
of these observaticns is important to identify some fundamental mechanisms of
fleld-scale flow and transport in unsaturated zones to dbetter direct future
experiaents. '

The objectives of this review are threefold. "‘The firat is to summarize the existing
field observations which are presently scattered in s wide variety of publications.
The second cbjective 1s to interpret some of the existing field cbservations to
dete:mtné, when possible, the conitolling factors of large-scale unsaturated flow
and transport. The review emphasizes effects of natural soil heterogeneity on
field-scale flow and transport processes, and on possible effective large-scale
parameters. The third objective is to drew conclusions and make recommendatioas for
future experiments, based on the results derived under the first two objectives.
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SUMMARY OF FIELD OBSERVATIONS

The summary of existing f£iald observations on unsaturated flow and transport is
given in the form of three tables. Tabla 3-1 offars a brisf description of the
obsarvations ia terms of tha scale (spatial axtent of field axperiments) of
obsarvation (both lateral and vertical scales), the soil typa, the tracers, the
source of liquid, and tha typa of observation (controlled versus uncontrollad).
Table 3=2 summarizes the sampling mathods used to obtain measuremeants of soil
moisture content (3 ), capillary teasion head (§), solute concentration (c), atc.
Table 3=3 includes soma points of interest pertinent to thes observations, iacludiag
the methods of analysis that ware used and the conclusions that were drawn.

Tabla 3=1 shows that most of the controlled axperimants ars linited to small-scale
displacements on the order of 1-2 m. Very few large-scale obsarvatioas exist, all
of them obtained from uncontrolled esxperiments. The obsarvations of Trautwein, et
al. (1983) involvs the largest scale (with depth of approximately 100 m). The soils
vary from relatively homogeneous (agricultural soils), to axtremely heterogeneous
(a.g., stratifiad sediments). The most often used tracers in the controlled
axperiments ars J4, C1~, NOj and Bz~ .

Tabla 3-2 shows that soil mof{stura content i3 usually measured by neutron probes,
while 9 13 usually measuraed by tensiometers. Soluta concentratiocns ara obtained by
axtraction and analysis of water samples using soil-moiscure suction cups. In a faw
cases gamma logs or alectrical coanductivity measurements, using salinity sensors,
wers obtained.

Table 3-3 indicates that particular types of flow (such as lateral movement or rapid
gravity flow) have oa certain occasions beea observed. As for analysis of data,
Tabla 3=-3 shows that a simple one-dimensional model i3 usually adopted for
astimation of dispersivities. Table 3-3 i3 useful dut very briaf; some field
observations which deserve mora attention are ind{cated with a star (*) and will be
discussed in greater detail in the next section.

DISCUSSION OF PIELD OBSERVATIONS

It was mentioned in the Introduction that uasaturated flow and traasport i{s a highly
complicated prodblem. Two of the factors that complicate the problem are its
dimensionality (three-dimeasional) and the fact that soil properties vary highly in
space. Existing large-scale field obsarvations are very limited and often have not
been analyzed thoroughly. The objective of this section {s to examine and discuss




DESCRIPTION OF FIELD OBSERVATIONS FOR THE UNSATURATED ZONE

Table 3-1

Souzce

Vertical Lateral of Type of
Author Scale (m) Scale Soil Type Tracer Liquid Observationa
Andersen, Wells lo~ Fine to " Eaviron-
et al, cated 15 m medium sand mental Uacon~-
(1968) 22.0 apact and gravels 3y Rainfall trolled
Biggar and 20,6.5x6.5m Panoche (o
Nielsen, plots oa a clay -
(1976) 1.83 150ha field 1loam NO3 Irrigation  Coutrolled
Brissaud,
et al, ) Sandy D20
(1983) 1.60 0.50 m loan Irrigation Controlled
Crosby, Stractified c1~ Leakage from Real con~
et al, glacial out-  _ a drain tazination
(1968) 20.0 10.0 m wash deposits NOj3 field site
DePoorter, Crushed tuff,
et al. sand and Caisson
(LASL) 6.0 3.0 m gravel Irrigacion controlled
Foster, Boreholes Eaviron-
et al. at max 10km English mentsl Uncon-
(1980) 20.0 apart chalk 3 Rainfall trolled
Issacson, Wells lo- Eaviron~
et al, cated 15 m  Siley mental Uncon~-
(1974) 70.0 spart sand 34 Rainfall trolled
Johnson, Silty sand, Leakage from Real cou-
et al. coarse sand Cl1°, sanitary tanination
(1981) 10.0 and gravel etc. lendfills site
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Table 3-1 (continued)

DESCRIPTION OF FIELD OBSERVATIONS FOR THE UNSATURATED ZONE

Source
Varcical Lateral of Type of
Author Scale (m) Scale Soil Type Tracer Liquid Obsesrvation
Johnston, Weathered
at al. 4.4x2.3m doleritic and C1~7
(1983) plot graaitic pro=~ Rhodamine Irrigation Coatrolled
file, sandy
topsoil
Coantrolled
Jury, Tujunga Irrigation tracer,
at al. 0.64 ha loamy B~ and Natural
(1982) fiald sand rainfall rainfall
Glendale c1~
Kies, 7x7 o clay M.
(19381) plot loan NO3 Irrigation Controlled
Knoll and Relatively se33
Nalson, homogeneous -
(1962) 7o fine sand N0y Irrigation Coatrolled
Mann, 3x3 o Alluvial
(1976) plots deposits - Irrigation Coantrolled
Eaviron=
Oakes, mental
at al. Eaglish 3u_ Uacon=
(1977) chalk NO3 Raiafall trolled




Table 3-1 (continued)

DESCRIPTION OF FIELD OBSERVATIONS FOR THE UNSATURATED ZONE

Socurce
Vertical Lateral of Type of
Author Scale (m) Scale Soil Type Tracer Liquid Observation
Phillips,
et al.
(1979); Controlled
Joues, Homo~- Cobalt Caisson
et al. genized 60/EDTA experi-
(1983) 7.5 0.6 m sand 3 Irrigation ment
Price, Leakage from Real con~
et al. Glacial flu- ] a disposal tanination
(1979) 30.0 80 m vial deposits An cridb site
Layers of
Prill, sand & gravel
.at al, clay, silty
(1977) 10.0 20 m clay and loam -— Irrigation Controlled
Purtymum, Ashflows of Wastes from Real con-
et al. thyolite Iy storage tanina~
(1973) 20.0 15 m tuff shafcs tion site
L.Maury silcy
loam
Quisenberry 2.13x II.Huanti{ng~
and Phillips 2.13m toa silty c1-
(1976) 0.90 plots cley loan Irrigation Controlled
Leakage from
Routson, Stratified 106g,, radiocactive Real cou~
et al. glaciofluvial 137¢cq waste stor- tamina-
(1979) 23.0 50 m deposits 144cq age tank tica site
3-5



Table 3-1 (continued)

DESCRIPTION OF FIELD OBSERVATIONS FOR THE UNSATURATED ZONE

Sourca

Verti{cal Lateral of Type of
Author Scala (m) Scalas Soil Type Tracer Liquid Obsarvation
Saffina, 1.0.35 ha Plainfield Cl1~
at al. fiald loamy - Coa-
(1979) 1.50 II.Lysimetars sand NO3 Irrigation trolled

I.Lakeland
Smajstrla, 2,2x2 m fina sand
at al, plots 1I.Darby c1-
(1975) 1.30 loan Irrigation Contraolled
1.1.3 m diam. Fina sandy 1.dye
Starr, cyliander loan over soln,
at al. 11.4,4.6x5.1lm coarse II. C1™ Poaded
(1978) 3.00 plots sand irrigacion Controlled
Supkow, No
(1974%) 6.0 15.0 o tracar lrrigation Controlled
Trautwain, Size of Layars of Organic Leakags from Real con-
st al, poad 500 m sand aad carbon a waste dis- tamination
(1983) 120.0 x 1000 m clay natals posal poad site
Layers of
Van de Pol, clay, silty C1°
st al. 83 a clay, siley 3y
(1977) 1.52 plot loam & sand Ireigaction Coantrulled
Warrick, Panoche
at al. 6.1x6.1 m clay c1=
{1971) 1.30 plot loan Irrigation Controlled
Coantrollad

Wallings Finas sandy Cl1° tracer,
and Ball, loan over - natural
(1980) 3.0 fine sand NO3 Rainfall rainfall




Table 3~2

DATA ACQUISITION TECHNIQUES FOR UNSATURATED 20NE PARAMETERS

Soil Capillary Tracer

Moisture Tension head Concentration Temperature
Author 9 ¥ c T
Andersen, Neutron Laboratory
et al. probe analysis of
(1968) soil samples
Biggar and Tensiometers Ceramic
Nielsen, suction cups
(1976)
Brissaud, Neutroa Gramma neu=
et al, probe tron probe
(1983)
Crosby L1II, .« Laboratory Laboratory
et al, analysis of analysis of
(1968) soil samples soil samples

* Geophysical

borehole
logging
DePorter, Neutron Tens iocwmeters Ceranmic Thermocouples
et al. probe suction cups '
(LASL)
Foster, Analysis of Laboratery
et al, soil samples analysis of
(1980) soil samples
Isaacsoun, Laboratory Thermocouple Laboratory Diode
et sl. analysis of Psychrometers analysis of temperature
{(1974) s0il samples soil samples transducers
Johnsoz, Pressure~-
et sl. vacuum
(1974) lysimeters
Johaston, Laboratory Soil samples,
et al. snalysis of visual in-
(1983) soil samples spection of
. _ Rhodamine
Jury, Neutron Tensiometers Suction
et al. probe probes
£1982)
Kies, Neutron Tensiometers Ceramic ,
(1981) probe suction cups
Knoll and Neutron
Nelsoa, probe
(1962)
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Table 3-2 (continued)

|

DATA ACQUISITION TECHNIQUES FOR UNSATURATED ZONE PARAMETERS

Author 3 ¥ Cc T
Oakes, Laboratory Laboratory
st al. analysis analysis
(1977) of soil of soil
samples samples
Mana, Neutron
(1977) probe
Paillips, Neutron - Haat dis- + Radiological .« Tharmistors
at al. probe sipation counting » Thermocouples
(1979) units systems
and » Thermo= «Laboratory
coupla analysis
psychrome~ of samples
tars
« Elactrical
Jonas, resistance
at al. units
(1983) » Tensto~
mataers
Prill, Neutron
et al. probe
(1977)
Prics, - Portabla
at al. radiation
(1979) survey in-
struments
« Laboratory
analysis
of soil
samples
Supkow, Neutron
(1974) orobe
Purtymunm, Laboratory Laboratory
et al. analysis analysis
(1973) of samplaes of soil
samples
Quinsenberry Laboratory Laboratory
and analysis analysis
Phillips, of soil of soil
(1978) samples samples
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Table 3-2 (continued)

DATA ACQUISITION TECHNIQUES FOR UNSATURATED ZONE PARAMETERS

Author 3 Y 4 T
Routson, ¢ Gamma
et al., scintillation
(1979) probe
* Laboratory
gamma eaergy
analysis
(GEA) of sed-
iment sgamples
Saffina, Soil sampling
et al. excavation
(1979) of profile
Smajscrla, Neutron Tensionmeters Electric
et al. probe conductivity
(1976) soil salinicy
sensors
Stare, Neutroa Tensiometers Ceranic
et al. probe suction cups
€1978)
Trautweirn, Laboratory Lysinmeters
et al, analysis and monitor
(1983) of soil wells sample
samples water in unsat-
_ urated zones
Van de Pol, Neutron Tensiometers Ceranic
et al. probdbe suction cups
(1877) .
Warrick, Tensiometers Ceranmic
et al. suction cups
{1971) ,
Wellings Neutrona » Mercury Laboratocy
and Bell, preobde manometer analysis
(1979) tensiometers of soil
* Gypsum resis- samples

tance blocks
e Pressure

transducer

tens fometers
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Table 3-3

REMARKS ON UNSATURATED ZONE PARAMETERS

Author

Remarks on Qbservations in the Unsaturated Zoune

*Andersen,
at 310
(1967)

Brissaud,
et al.
(1983)

*Biggar
aad
Nialsen,
(1976)

*Crosby,
at al.
(1963)

DePortar,
at al.
(LASL)

Fostar,
at al.
(1980)

1sascson,
at 810.
(1974%)

Soil moisturs profilaes show a downward movement of the
moisturs froant 3-3.5 m/mo. Thae trua traveling velocity
of water, detarminaed by 34, is 4.5 m/year. The
apparent velocity of water is dus to a pressure wave,

A displacement with disparsion model fits 4 daca
quits wall.

Steady-stata and transient experiments ware parr.crmed.
Disparsivities wara avaluated by approximatsly fitting
model braakthrough curves to experimeatal cnes. Con-
centration measurements indicate lateral flow is signi-
ficaat balow approximataly 1l m.

Fitting dispersioa coafficient (D) and apparent valo=
city (vg) of a one-dimensional model to breakthrough
curves at each location and depth, Statistical anal-
ysis of D and vq shows that they are log-normally
distributed. D i3 approximataly linearly related to
Vge .

Despita substantial additions of water im the drain
field of cthe nursiang home, practically dry alluvium
was found at depths 40 m or less. This suggests that
water must be flowing laterally in the finest beds and
i3 removed by evapotranspiration.

Caisson axperiments. Soil {3 sxcavated, the caissoas
emplaced and backfilled with sandy material. The cais-
sons are iastrumented with horizontal neutron probe
accass tubes, tensiometars, porous cups and thermo=
couples.

It 1s suggested that up to 20 percent of enviroamental
{s traasported to groundwater by a preferential
(more rapid) flow through fissures. The bacteriologi-

cal coatamination of groundwater supplies after high
{atansity rainfalls i3 an avidence of such mechanisms.

31 concentratiocn decreases logarithmically from the
surfsce to a depth of 4.5 m. Archaic water is found
below 7 m. This suggests that precipitation water does
not percolata to the watar table. It is suggested that
temperatures gradients are of importance in arid
regioas.
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Table 3-3 (continued)

REMARKS ON UNSATURATED ZONE PARAMETERS

Author

Remarks ou Observations in the Unsaturated Zone

Johnsoa,
et sl.
(1981)

*Johnston,
et al.
(1983)

*Jury,
et al.
(1982)

*Kies,
(1981)

*Knoll and
Nel’on'
(1962)

Mann,
(1976)

Oakes,
et al,
{1977)

Phillips,
et al,
(1979)
Joues,
et al.
(1983)

Tracer data beneath landfills indicate alternation of
leachate in the unsaturated zone with depth. Lateral
moisture flow is speculated.

dovement of water through preferential paths (roots) is
observed, Water moves laterally more in the finer-
textured dolerite saprolite than in the granite sapro-
lite. Preferential flow is cbserved on the granite
saprolite only.

Aveéage coacentration breakthrough curves indicate dis-
placement with dispersiou. A transfer function model
is fitted to the data.

Fitting dispersion coefficient (D) and apparent velo-
city (vg) of a one-dimensional model to breakthrough
curves at each locatioa and depth. D, vg are log-
normally distribucted. D 1is related to vy approxi-
mately linearly. In some probes tracers reach deeper
depths before arriving at shallower depths.

Soil moisture maps show lateral movement of water.
Lateral movement is more promoouuced at approximately 2
m depth, probably due to the existence of a finer~-
textured layer at this depth.

Field tests in relatively homogenecus dry vadose zones
indicate a downward movement of water with only minor
lateral movement. Before water applicationm, moisture
in the vadose zone is below field capacity, after
drainage moisture remains at field capscity.

It 1s suggested that infiltratioan takes place at large
fissures aund that solutes diffuse between this moving
water and the relatively static water {n the chalk
matrix, A mathematical model is proposed that repro-
duces observed distributions of “H,

Caisson experiments. Soil {s excavated, the caissons
exnplaced and back ff{lled with uniform sand. In loag
term tests cobalt dissociates from EDTA and is sorbdbed
oato the soil. 3 s transported approximately 4 m.
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Table 3-3 (continued)

REMARKS ON UNSATURATED ZONE PARAMETERS

Author

Remarks on Observations in the Uansaturated Zone

*Prill,
at al.
(1977)

*Price,

at al.
(1979)

Purtymun,
at al.
(1973)

Quiseaberry
and
Phillipas,
(1978)

*Routson,
at al.
(1979)

Saffina,
at al.
(1979)

Smajstria,
at al.

*Stare,
at al.
(1978)

In infiltration pond sxperiments, insignificant lateral
movenment of 30il moisture was observed. Soil {s stra-
tified, {nitial soil moistura {s ralatively high and
siza of pond i3 large.

Actinida discridbution data show lataral spread of wasta
li1quid in the stratified sadimeatary units below tha
crid. Waste liquid 1is mors prone to move laterally ia
a medium to vary fine sand uynit than to mova daeper to
a coarss sand unit.

Soil moistura and JH data {ndicata lateral movement.
Lataral movement 1s amplified ia the coantact batwaen
tyo ashflows. The low values of moisture content indi-
cata moistura transport in tha vapor phasa.

Rapid movement of water is obsarved, due to macro=-
pores. This movemant depeads on the i{ianitial moisture
contant. For soil ianitially dry, little of the applied
watar movas past the 90 ca depth; if soil 1s relatively
wat a large perceantage parcolates past 30 cm depth.

Data on radicactive pollutant councentratioas batwaen
1973-1973 indicate lateval spread of soil moistura.
Soil is highly stratified, which enhances lataeral
spread. Waste movement is iaitially rapid, but it
decreases with time.

Sprinkler-irrigation fiald and lysimeter expariments.
Larges localized variadi{lity in solute distributions
beneath and between plants was observed. At least part
of this variability aust be dua to natural heterogene—-

icy.

Use of caramic and platinium elsctroda salinity seansors
is described. Solution conceantrations with depth ara
given but no analysis or discussion of data {s offered,

Soil {s layared with a fine—textured layer overlying a
coarse~taxtured cae. Both lysimeter and plot data
indicate that water in the coarsse layer moves rapidly
in small fingers of flow. FProntal type of flow may not
ba valid in such soils.
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Table 3-3 (continued)

REMARKS ON UNSATURATED ZONE PARAMETERS

Author

Remarks on Observaticns in the Unsaturated Zone

Supkow,
1974)

*Trautwein,
et al,
(1983)

*Van de Pol,
et al.
(1977)

*Warrick,
et al,
(1971)

*Wellings
and Bell,
(1980)

Soil moisture distributions in the unsaturated zone
show lateral flow. Speculation i{s that moisture

movement is by piston flow, while some mixing occurs
near the contact of displacing and displaced waters.

20 years after pond construction, pond water is found
at depths at 100 m below pond. The thick sand layer

below 100 m seems to stop vertical migration. Effec~
tive Kgap obtafned by fitting & one-dimensional flow

model are much greater than laboratory values.

Fictting dispersion coefficieat and apparent velocity of
a one-dimensional model to breakthrough curves at esch
location and depth. D, vg are log-oormally distri-
buted., Some breakthrough curves indicate that solute
arrives at deeper locatiocans before arriviog at shal-
lower cues.

vg 18 calculated from irrigation and soil moisture
data. D is ficted to the maximum of the solute versus
depth curves. Calculated distributions do not pene-
trate soil as much as the observed. This implies a
large solute velocity probably due to lack of complete
mixing.

A pisten flow model is assumed and it is postulated

that it can reasonably predict the movement of sol-

utes, However, the information given to support the
model does not seem to be sufficient.

* Discussed in detail in text.
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soma fiald observations ia an attempt to bettar uynderstand fiaeld-scales flow and
transport mechanisms., It is of particular interest to investigate the effacts of
soil haterogenaity.

The discussion consists of two parts. First, obsarvations offariang a physical
insight f{nto the mechanisns of field-scala flow aad traasport are discussed.
Sacoad, publications addressing the practical problem of modalling such systems and
estimating field-scale paramaters ars discussed. Both aspects of tha problens
(physical {asight sad modelling) ara closely related.

Mechanisms of Pield-Scale Flow and Transport

Hydraulic propaerties of soils vary highly in space, sven ian what appear to ba
relacivaly homogeneous soils (Nielsen, st al., 1973). Thus, in many field=-scals
problems, a larga degrea of variation of hydraulic properties can bea axpected.
Water in unsaturated soils moves under gravity and surface forces. Because of tha
variation of the hydraulic properties of tha soil, the soil moisture conteat, etc.,
the direction of tha total force, and thus tha direction of the flow, is spatially
variable. As a result, flow and transport in uunsaturated soils is geaerally a
threa=-dimensional process, as is the casa for the saturated zone. Depending oa the
type of soil variability (e.g., layering, macropores) and/or initial and bdboundary
conditioas, particular types of flow may bs mors pronounced. Two such types of
flow, of particular interest in waste disposal control, ars lataral flow and fastc
gravicty flow, Saveral field obsarvatiocns are axamined ia this section to
invastigate under what conditions thesa types of flow occur.

Latsaral Flow. Theoretical analysis of field-scale unsaturated flow (Ysh and Gelhar,
1983; Yeh, at al., 1982) indicates that in stratified sofls the effective hydraulic
conductivity tensor {s anisotropic with a tension-dependent degres of anisotropy.
The ratio of the horizoatal hydraulic conductivity to the vertical hydraulic
conductivity facreases with teasfon. One thus expects that at high tensfoas (dry
soils) lateral flow may be i{mportaat.

Routson, at al. (1979) investigatad the time history of leakage delow a radicactive
wasta scorage tank at Hanford, Washington. The soil formation coansists of
glaciofluvial deposita with the principal units consisting of pebdly and medium
sand. The deposits are bedded, and sharp boundaries often exist betweea sediment
types. Badding coasists of thin, nearly horizoatal, discoautinuous laminatioas and
cross~-stratified sedimentary units. The climate whers the tank {s located is arid
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and the sediments have a relatively low soil-moisture coatent. lIa 1973 s leak from
a storage tank was observed. Measurements of unaaﬁutated'zone contamination, using
- gamma radiation logs {n wells around the tank, indicated significant lateral

- movement of wastes in the sediment layers (at least at the initial stages of the
leak, between 1973-13974). At later stages of the leak, flow was so slow that
lateral movement could not be detected, given that the radiocactive decay of tracers
is relatively rapid (106 Ru has a half-life of approximately one year). Plotted
isopleths of 106 Ru (the main radioactive component of the waste liquid) also show
lateral movement. Lateral spread is much larger than the dismeter of the tank,
while vertical movement is restricted to a few tens of meters. The report assumed
that the lateral spread was due to unsaturated flow and sediment layeriag but no
physical explanation that leads to such phenomena was given, Lateral movement is
probably due to the relatively high tensicus cccurring in such dry materials,
Horizontal stratification enhances such movement, since at high tension, hydraulic
conductivites of fine textured materials are relatively high; and water may prefer
to spread laterally in fine beds than to move vertically through coarser ones (see
Yeh, et al., 1982). Unfortunately, the report does not give the stratigraphy of the
sedimentary units so s direct comparison between unit type and lateral lptead is oot
possible. Several small-scale experiusents were counducted by Routson, et al. and
showed aignificant lateral spread in such layered soils.

Price, et al. (1979) reported the movement of leachates in the unsaturated zone
below & waste dispcsal cridb at Hanford. The sedimentary uanits below the crib are
stratiffed and consist of layers of medium to very fine sand; pebbly very coarse to
medium sand; end sandy silt. The crib is located in an arid eaviroument and the
initial soil moisture of the sediments is relatively low. Sediment samples were
analyzed for radioactivity, and isopleths of Pu and Am were plotted. These data
show & lateral movement of wastes i{n the unsaturated zone below the crid exteading
to a width of 10 m, encompassing the crib perimeter, The waste liquid was more
prone to spread laterally in the medfum to very fine sand unit than to move deeper
into the pebdly, very coarse to medium sand uait. This dbehavior caan be explained by
the fact that ia dry sofls with high tensions, hydraulic conductivity of fine
materials is larger than the hydraulic conduc:tvtty'of coarse ones, '

* Crosby, et al. (1968, 1971) discussed measurements of soil moisture and pollutants
below a septic tank drain field area in the Spokans Valley in Washington. The
sediments below the drain field coasist of glacial outwash deposits and are probably
highly stratified. This environment is alsc arid. Moisture data l
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in the unsaturated zone below the drain field indicated unexpectedly high teasioa
conditions balow a depth of 7-10 m. Undar such teansion, gravitational movement of
water cannot be expected. Since watar i{s continously added in the drain field, the
law of consarvatioa of mass requires an accounting for the lost moisture. The
authors assumed that water must be moving laterally away from the drain fisld and
removed to tha atmosphers by evapotranspiration. A series of laboratory axperiments
conducted to favestigats tha possibility of lataral movement wers discussed in
Crosby at al., (19563). These axperiments indicated that lateral movement may be
inportant undar certain soil coaditions. FPine, medium, and coarse sands wars badded
in a sand box modsl. Water was added to a square inch surface area. Uandar high
vater application rates, water asseantially moved as saturated masses or ribbons to
the bottom of the model. Under low water application rates, howaver, capillary
dispersion of water in the finest layers was able to keep pace with watar additions
befors the lateral boundaries of the model affected the flow. Crosby at al.
concluded that the nature of interbedded materials and rate of water application ars
important factors coantrolling wastewater movement in unsaturatsd zones.

Prill (1977) discussed moisture movement in the unsaturated zona balow four
artificial groundwater recharges ponds. The alluvial deposits delow the ponds
consist of layers of sand and graval interbedded with clay, silty clay, and loam
layers. The ponds are circular with 15 m diameters. Before the start of ponding
ths soil moisturs content in the sediment below the pond was relatively high (with a
70 parcent degree of saturation). Mesasurements of moisture content beneath and
around the pond (to a depth of 10 a) indicated vertical movement of the moistura
front but no significant lataral spread. Wetting front patterns suggested that a
major part of tha applied water (astimated to ba around 90 parceant) moved downward
beneath the pond. Lateral movement was very slow and was restricted to a short
distance even {n the finer texture layers. Thae implication of this experiment is
that when the initial soil moflsture is high, the water application rate is rapid,
and the application area is large rslative to the depth of obssarved unsaturated
zone, lateral spread may not be important aven in stratified soils. In such cases
gravitational forces may be more important than capillary forces.

Knoll and Nelson (1962) described soil moisture movement beneath a six-inch square
crid. Tha soils of the study area consisted of a relatively homogenecus fina sand,
axcept for some thin irregularly placed lenses of a material of slightly different
porosity. The soil matrix was initially ralatively dry. Water application was
controlled so tﬁat ponding was always maintained in the crib. The lateral spread of
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soil moisture was quite significant and was more pronounced at the 2 m depth. The
authors suggested that this was probably due to a lens of a slightly more permeable
material. This experiment indicated that, for faitially relatively dry soil and
small size of application area relative to the observed depth of unsaturated zone,

lateral spread can be significant.

Palmquist and Johnson (1962) described a laboratory experiment which contains some
pertinent observations. A tank model was filled with glass beads forming a porous
matrix. Water was applied through a small crib at the upper surface of the porous
matrix. The first model consisted of initially dry glass beada of 0.47 mm diameter
(corresponding to medium sand size). After water application started, the wetted
area was coafined to a relatively anarrow vertical column. A second model cousisted
of three layers of 0,036 mm diameter glass beads (silt size) separated by two layers
of 0.47 mm beads. After water application started, water in the small-diameter bead
layer initislly moved away from the crib at nearly equal vertical and horizontal
velocities, until it reached the top of the higher diameter bead layer. Water then
tended to move laterally in the fine bead layer instead of moving into the coarser
layer. After pressure built up, water eventually moved in the coarser layer in
discrete fingers of small diameter.

The field observations discussed sbove show that lateral spreading of soil moisture
in field settings is important in certain cases and indicate some factors enhancing
such lateral spreading. These factors and the implicaticas of lateral flow in waste
disposal control will be discussed in some detail in the Conclusions and
Reconmendations part of this review.

Fast Gravitational Flow. In particular types of soils and under certain moisture

conditions water appears to move rapidly uader the influence of gravitational forces
in saturated channels of relatively small diameter. Obviously such flow is of great
concern in waste disposal control since wastes would reach the water tadble much
"faster thaa predicted from ordinary uasaturated flow models. Two types of such fast
gravitaticnal flow may be distinguished. The first type is fast vertical flow in
discrete fingers in the coarse layers of stratified soils, The second type is
preferential fléw ia s01l structures such as macropores and fiassuces.

Starr, et al. (1978) provided experimental evidence for the existence of fast flow
goving in discrete fingers in a coarse layer of a stratified soil. The soil
consisted of a 60 cm layer of sandy locam over a layer of coarse sand. Two
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axpariments ware parformed. In the first, a 1.3 m~diametar steel ¢ylinder was
drivean into the soil to a depth of 3.6 m. A depth of 43 cm of water coataianing a
green dye was infiltrated into the column. After ianfiltration ended, successive
layers of soil were removed from the cyliader and the dye pattern of each newly
exposed surface was photographed. In layars near the soil surface, a genaral green
hua was obsarvad ovar tha cross—-seactional area of the column. Howaver, at
cross—-sectional areas balow 1 m, 12 discrate fingers of flow ware obsaerved, These
fingars ranged from 5 to 20 cm {n diametar and occupied only 3 percent of the total
cross-sactional area of tha cylinder. Thesa obsarvations suggest that poaded flow
of watar through this layered, fine over coarse, soil moves in discreta
three~-dimeasional finger: !a the coarsa subsoil, rather than as a oane-dimensional
front. The locatiocns of such fingaers may ba controlled by natural hetarogenaities
of tha soil, f.a., they may teand to occur in the coarser regions which offer less
rasistanca to flow. Simpla calculations show the flow in such fingers i3 very
rapid. In a second expaeriment the solute movemeat under four 4.6 m by 6.1 m poanded
plots adjacent to tha first axpariment, was studied. It was observed that several
salt pulses rsached depths of 120 cm and 130 ca very soon after they had reachad the
60 cm depth. Such rzapid movemeat may be due to fast flow in the coarse layer ia
discrete fingers of flow similar to the ones observed in the first axperiment. The
paper concludas that water moving through layered field soils may move rapidly in
fingers of flow through coarss subsoils. The assumptlon of one-dimensional froat-
type flow uander thess fisld conditions may lead to gross errors {f {t is used to
estimata the time tha solutes arrive at the water table. A similar type of flow
moving in discrete fingers ia coarsa layers of stratified soils was observed in thas
laboratory axparimeants discussed in Palmquist and Johnson (1962).

Quisenberry and Phillips (1975) studied percolation of rapidly surface~appliad watar
in field soils with strong structure. Several 2.13 m by 2.13 a plots wera
sstablished in two types of soil, Maury silty loam and Huntington silty clay loan.
The experiments show that water movement through tha profile was characterized by an
initisl rapid movement of water ianto the s0il and subsequent movezent to a depth
dapanding, to a large sxtent, on the initial water content. The relative incraases
of watar coateant throughout the profile corresponded very well with the increase in
coancentration of chloride used as a tracer. This suggests that water moved through
tha profila without displacing much of the i{nitlal water. It was assumed that water
moved primarily in soil structures called macropores. The amount of displacement
that occurred depended on the rate of water movemeat ian the macropores as comparad
to tha soil natrix.
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Johnston, et al. (1983) reported prefereantial flow in pipe-like channels associated
with root channels, in lateritic profiles in Western Australia. A 4.4 m by 2.3 m
plot was established and a tracer solution, containing Rhodamine VT and NaCl,
replaced natural rainfall in the plot. The soil profile underlying the plot
consisted of a humus-rich sandy topsoil grading into sandy gravels that, ia turnm,
overlay a weathering prpftle, developed on both granite and doleritic parent rocks,
granitic on the west and doleritic ou the east side of the plot. Granite saprolite
was coarser grained than the dolerite, and included deep descending rcots. Bright
Rhodamine WT staining was found around the roct channels of the granite saprolite,
indicating preferential flow of water in these channels. The tracer solution also
moved laterally from primary vertical channels in lesser soil structures. The
tracer solution moved deeper in the coarser grained granite ssprolite, but lateral
dispersion was more proncuanced in the finer grained dolerite. The lack of evidence
of vertical flow in the dolerite is most likely associated with its finer texture.
Large coutinuous voids observed in the dolerite saprolite probably do not counduct
vater, since these voids would only transmit water if their uppermost extension
incersected a saturated layer. The paper concludes that the physical and hydraulic
properties of both the clay rich matrix and the more permesble inclusions, and the
areal frequency of preferential flow paths sand their connection with an overlying
source of free water are all of importance in the transport of solutes through these
natural materials.

Thomas and Phillips (1979) also discussed the significance of water movement in
macropores. They coucluded that water movement {n mactopdtes is tafluenced by the
rate of water addition, soil structure, relative sizes of pores, clay orieatation,
so0il water content, and tillage. They further discussed the most important
consequences of water movement in such macropores. They suggested that recharge of
groundwater can begin long before soil reaches field capacity. Alsoc some of the
salts in the surface of a sofl will be moved to a much greater depth by rain or
irrigation, and becauss of this it is not likely that water will carry a surge of
contaminants to groundwater at some time predictable by Darcian flow thecry.

Bouma (1981) and Beven and Germann (1982) provided further discussion and evidence
of the :1gn1£1canco’o: macropores in vadose zone flow and transport. These papers
suggest that rapid flow through macropores depends on moisture coatent and rate of
water application. Large continuous voids will be filled and conduct water only at
suctions close to zero (i.e., near saturation). In low moisture conditions these
voids are empty and do not contribute to water flow.
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The above papers show that fast gravity flow may, {n certaia cases, be significant,
The conditious under which fast flow {s {mportant and the importance and
implications of such flow on wasta disposal control will be discussed ia the
Conclusions and Recommendations.

Dimensionality of Plow. Tha above discussion has indicated that flow in stratified

and structured 3oils is three=dimensional and velocity is variadla in spacea. In
fact, thrse=dimenstonality of flow and spatial variability of velocity occur in
ralativaly homogeneous soils as wall. Some fiald obsarvations illustrate this
point.

Van de Pol, et al. (1977) axanmined breskthrough curves at several depths in threa
locations established within an 3 m by 3 m plot. 7The 304l in the top 0.7 m
consisced of clay to silty clay. Examination of tha breakthrough curves showed some
peculiarities. Chloride breakthrough curves appeared at spproximatsly the same time
ac depths 0.33% a and 0.635 =, whils chloride distribution for the 0.46 m depth was
considerably dalayed.

All cthree points wers on the same vartical line, This phenomenon is probably dua to
tha thrae~dimeasional spatial varisbility of the 304l properties. Because of such
variability, flow followa mora parmeables paths snd tends to avoid low permeadility
zonaes {at a given moisture content). This rasults {a spatially varyiang velocities
and a three~dimensional flow field.

Starr, st al. (1973), discussad asarlier, indicated a simtilar phenomenoca. Ia the
axpariments under the ponded 4.5 m by 6.1 @ plots, a large scattar of chloride
concentration data was observed at all depths. They also obsarved that at some
locations the soluts breakthrough curve arrived at greater deptha bsfore arriving at
shallcwar cnes. The papar suggests a one-dimensional flow in the top 0.560 m sandy
loam layer and flow in Jdiscreta fingers in ths coarse layer below. Howsver, the
scatter of concentration data, even in the top 0.50 m layer, indicates that flow in
this layer is probabdbly three~dimensional due to spatial variability of soil
properties within the layer. It is also possible that flow in the coarse layer
balow may ba moving in channola; not because of flow instability, but becausa of
natural haterogensity, i.s., tha flow {s following paths of higher hydraulic
conductivity at the axisting moisture conditions.

3-20




In e similar experiment described by Kies (1981) a large degree of variability in
breakthrough curves was alsc observed. It was alsoc observed that in some locatious
breakthrough curves arrived earlier at deeper locations than at shallow oces. This
also suggests a nonuniform velocity field and three-dimensicnality of flow.

Modelling Approaches and Parameter Estimation

The previous discussion has shown that flow and transport in the field is generally
three=dimensional and that lateral spreading and rapid gravity flow are often
important ic the unsaturated zoaue, Differeut types of models have beea used

to describe the behavior of this system. A distinction is made between local
distriduted psrameter models and large-scale lumped parameter models. It is clear
from the previocus discussion that if a distributed parameter model is chosen to
represent the system, the model should be three-dimensional since, at a local scale,
nature veries :htee-dtmenstonally.' Thus, models visualizing the system &3 a battery
of one-dimensional, non-interactiag columns (e.g., Dagan and Bresler, 1980, 1983;
Milly, 1982) can be easily criticized. 1t is possible, however, that on a larger
scale the local effects may average cut and the system can be effectively described
by a simplified model having uniform parameters and/or lower dimensicnality. Such a
possibility of simplifying the large-scale distributed systems seems probable but
not yet proven, Efforts in this direction are being undertaken at MIT, using a
stochastic theory.

The parameters used in the models describing the large-scale average behavior of the
system are viewed as lnrge-acile effective properties., These field-scale parameters
are different from the local properties. Due to the fact that the local governiag
equations are parametrically nonlinear, the large-scale effective parameters cannot
be estimated as a direct averagé of local property measuremants,

Field-scale parameters are expected to depend, among other things, oa the scale of
the experiment, the nature of the heterogeneity, and the moisture content,
Uafortunacely, only & few field-scale parameters have been reported and often the
analyctical methods hsed in their estimation are questionable, Nevertheless, it may
be useful to analyze reported parameters hoping that we may observe some basic
celatiocnships.

Biggar and Nielsen (1976) described experiments counducted in an agricultural
setting., Breakthrough curves were obtained at six depths at the centers of twenty
6.5 m~square plots, follcutng a pulse of C1™ and NO3™ solution. Then, &
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simple one~dimensional transport model with the constant parametars of apparent
diffusion coefficieat, D, and apparent pore-watar velocity, vy, was tt::éd to sach
breakthrough curve. A possibls criticiam of such parametar estimation procedures 1is
that since the parameters D and vq have been assumed to be uniform over depth they
should be fittad simultaneously with the breakthrough curves at all depths (at asach
location). Fitting a model with differeat D and vy at each depth, contradicts the
assumpticn of constant D and vg. Tha papar suggests that fitted values of D and

vy follow a log-normal distridbutioa. D i3 correlated with vy through an almost
li{near ralatioaship (D = Q0.6 + 2.93 v,l'll). The papar further discussed tha
number of samples required to obtain a reliabdble estimats for the mean of D and

vg. This i3 another weak point of the paper since it implies that the mean values
of D and vy ara the effactivs parametars that should be used in the mean models

for astimation of mean conceatrations. Such an assumptiocn does not seem to ba
justified, sinca thae system is non-linear in the parametars.

The experimeats and methods for calibratiang D and vy reported in Van de Pol, at

al. (1977) and Kies (1981) ars similar to Biggar and Nielsen (19756). Thus the
criticisia of the fitting O and vy also applies. The fitted values again seem to
follov a log=normsl distribution. Kies' data also show that D is related to v,,
again through an almost linear ralationship. These papers alao imply that the mean
values of D and vy should be used in modals pradicting mean conceantration. Agaia,
this has not been provean. Kias' data show an increass in the mean values of D with
dapth below s0il surfacs. Hae also observed thar the average soluta velocities,

vgs calculated by fitting vg to the breakthrough curves, is larger than the mean
pore-water velocities vp. This {s probably due to the fact that most of the water
may bs moving in larger structures with highaer velocities than the average pore~
watar vaelocity (calculated by dividing average infiltration rate by average soil
moisture coatent). He also observed that the ratio vg/vy increases with depth,

and that JH travels faster and disperses mora thaa NO3~.

Warrick, et al. (1971) reported a field axperimeat in a 5.1 m by 6.1 m plot in a
Panochs clay loam 30il. A solute pulss was applied to the surface of the soil and
was observed as it moved through the s0il profile. Experimental data and a
numerical soil-moisturs flow model showad that the infiltration rate approached
steady state in a relatively short tims. A one~dimensional goveraning equation for
the soluta councentration was solved analytically. Using this solution and the valua
of the velocity found from the infiltration rate, the maximua concentration was
detarnined as a function of time and dispersfon coefficient D. Comparing this model




to experimental data, a value of D = 0.07 cu?/min gave the best fit. They
observed that a value of D close to 0.05 cm?/min better described the data at
small times whereas D = 0.1 cm?/min was more nearly correct at large times. This
suggests that D may increase with the time or distance the solute has

traveled. The approach used in this paper for evaluating D was fundamentally
different from the one used in Biggar and Nielsen (1976), Van de Pol, et al. (1977),
and Kies (1981). The velocity here was estimated from infiltration data and the
parameter D was ficted to the maximum observed concéntra:tona ounly and not to the
whole breakthrough curves. A possible criticism of this spproach is that
information available regarding the shape of the breakthrough curves is not used in
the estimation procedure, so the estimated parameters are possibly not optimal.

Warrick, et al. (1971) observed that the calculated distributicn curves do not
pénetrace the soll profile es deeply &s the measured oaces. A similar phenomenocn was
observed in Kies (1981). This may be a reflection of preferential flow paths with
most of the water moving through the larger water—-filled pore sequences. Warrick,
et al. (1971) also observed that solute was not present in the advancing moisture
froaut but lagged behind nearer the soil surface. This phenomenon has been observed
elsevhere (e.g., see Andersen and Sevel, 1968), It is called the solute~lag effect
(Gelhar, 1977). A probable explanation is that & pressute wave generates
displacement of old capillary water at successively increasing depths. Simple
calculations (Gelhar, 1977) show that the moisture front travels with speed v, =
dK/® while the solute travels with speed vg » K/8. For typical soils, then v,

> vg (e.gey vg= 20vq).

-Foster (1975) and Oakes (1977) present another possible explanation of the
solute~lag effect in the English Chalk, based on fracture flow with matrix
diffusion. For the data of Young, et al. (1976), Oakes (1977) reports =
dispersivity value of 0.2 m.

The paper of Andersen and Sevel (1968) 1is interesting since they made an effort to
evaluate an effective disperston coefficient on a large~-scale (20 m deep) systenm.
Eavircumental tritium data wvere taken in s group of four boreholes which had been
augered at time intervals of sbout twe years. Soil-moisture profiles had been
measured regularly by the neutrou method in the boreholes, A simple displacement
with a dispersion model, assuming coustant travel veloc;ty. constant dispersicn
coefficient, and coustant sofl-moisture coatent throughout the profile was tested.
" A dispersion coefficlent of Dy = 10~7 mZ/sec yieldsd a good fit for the
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tricium profiles. This corresponds to a dispersivity Ap = Dy/v= 70 cm. Soil
moisture profiles indicated a propagatioa valocity of tha moisturs froat of about 3
to 3.5 m/moath. The actual flow valocity estimated by environmental tritium
profiles howaver, seems to be oaly 4.5 m/year. This soluts-lag affect {s similar to
the ona observed by Warrick, at al. (1971) and discussed above.

Jury, at al. (1932) describe a saries of field experiments to test a transfer
function model, This model may be criticized {n that it does not usa any physics
about the processes involved; it is a bdlack-box model. Its parametars do not
corraspond to any physical quantities and must be calibrated based on availabla data
for the particular setting under coansideration. Extrapolatlon of the predictions of
such a model to depths, sacttings, or conditions othaer than the ones for which it was
derived is not possiblae. The data presented in the paper to validata the model
clearly demonstrates our point. For axampls, Figura 3-1 presents measured
breakthrough curves and predicted ones, obtained from the transfar function model of
Jury, at al. (1982). Comparison between thess curves indicates that the model
overestimates the solute concentrations near the surface, yields a good £it at 90
cm, and underestimates them at larger depths. It appears that the model was
calibrated so that it fits ths data at the 50 cm depth. The diffarences betweea
theory and axperiment are statistically significant; the model prediction £alls
above the 95 percent coanfidence interval of the data at 30 cm and below it at 130
em,

The reason for this discrepancy, wa baliave, i{s that the transfer function model, or
any othar ona-dimensicnal coavective traansport model, yields predictioas that
corraspond to a linear increass of dispersivity with depth. It is possible that at
small depths the dispersivity iancreases with the depth but it could approach a
constant value as the depth increasas. In that case the predicted breakthrough
curves of Figure 3=1 would show lass spread and greater aaximum values at larger
depths, 1.s., they would treand toward agreement with thae measured data.

We attempted to evaluate an effective longitudinal dispersivity from the data of
Jury, at al. (1382), Pi{gure 3, using spatial moment methods. Bacausa tha data were
iacomplate, it is inponlibio to avaluate the mean and the variance for 1 = 6§ cm and
1 = 59 cm; only the curves at 1 = 13 cm and I = 26 ca were used. The spatial mean
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Figure 3-1. Predicted and measured average solute breakthrough curves at 30, 60, 90, 120, and 180 cm.
Error bars represent 95 percent confidence limits of measured data.

Source: Jury, et al., 1982,




and variance of thesa curves ara:

:.cl = 0.76 , 22 = 1.17 a (3-1)
af = 0.044 2, ag = 0.1204 0> (3-2)

The rate of changs of tha spatifal variance is ralated to the dispersion coefficient
D by (see Equation 2-2)

‘hz
E_ = 2D = ZALV (3-3)

whare A;, {3 the longitudinal disparsivity and v is the mean velocity.
With v approximately coastaat and X = ve, Wwa gat
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And using the approximation d&r2/dx = (a% - °i)/(;2 - 51). we get:

AL. 9.45 co (3-5)

Trautwein, at al. (1933) 1is also particularly intaresting since measurements of the
unsaturated flow system extend to a dapth of 120 m below ground surface. The
leakaga of wastewater in the unsaturated zone bdeneath a waste disposal avaporation
pond was studied. The soil formation conaists of alternating layers of sand and
clay. Borings in the vicinity of the pond revealed that 20 years aftar poad
conatruction, pond water moved to a depth of 94 m. Thae authors attempted to modal
unsaturatad flow bdeneath the pond using a one-dimensional finite ealeaent unsaturatad
flow model. Functional relationships ware assumed for soil-moisturs characteristics
curvas and hydraulic conductivity curvas at each soil layer, depending on the soil
type. Thess ralationships ware adjusted 3o that the rasults of the model would fit
the mean soil-moisturs data well, Comparison of the adjusted model values of
saturated hydraulic conductivity, Kg, to measured laboratory values shows a large

diascrepancy. TPield values are oue or two orders of magnitude larger than laboratory
values. This suggests that seepage from the pond occurred at a much faster rate
than would have been predictsd using tha laboratory measurements of Kq. Using the
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laboratory measurements, the model would have predicted that the contaminant froat
would have moved ouly a few feet in 20 years, while in actuality the front moved
approximately 100 m. The large differences between laboratory and field values of
Ky are probably due to macroscopic features and natursl soil heterogeneity not
accounted for in laboratory experiments.

The authors have based their one-dimensional flow assumption on the fact that the
dimensioans of the pound (500 m x 1000 m) are much greater than the thickness of the
unsaturated zone (approximately 100 m). However, field investigatioans of the site
(Kent, et al., 1982), show an extremely large lateral spread of water in the
unsaturated zone. The contamination plume extends laterally to a distance of about
2000 m srcund the pond! Some of the latersal spreading at this site may be due to
the formation of saturated perched water zones above the vater table. Obviously,
the one-dimensional assumption does not seem justified. A three-dimensional model
18 required for a more realistic treatment of the flow in the unsaturated zone of
this setting.

Immobile Water Models, As was discusaed earlier, rapid movement of water is

observed in preferential paths of structured soils, while water moves more slowly in
the main scil matrix. In order to account for this and similar effects several
models have been proposed in the literature. In the models proposed by Coats and
Smich (1964), van Genuchten and Wierenga (1976), and Wierenga (1982), the pore water
is partitioned into a mobile and immobile zone. Immobile water is held insfide and
between aggregates, in dead-end pores, or around soil parcticles. Solute movement
into and out of this immobile water is assumed to be a relatively slow molecular
diffusion process, It is assumed that the rate of solute transfer between the two
zones i{s proportional to the concentration difference between the two zones. This
model does not assign any specific geometry to the intra—-aggregate pore-water region
and does not consider soluts councentration gradients within the aggregates. The
transport in the mobile phase is described by the classic convection-~dispersion
equation. This simple model often describes experimental data better than a simple
convective dispersion model at early breskthrough, Brissaud, et al, (1983) used
this model to describe solute transport data in the field. They found that this _
rodel is somewhat better at describing the tails of the breakthrough curves, but {t
requires estination of three model parameters tn:tnaﬁ of the one needed in a simple
coavection-dispersion model. ‘
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In another model proposad by Rao, at al. (1930) the porous medium is assumed to
coasist of porous sphares. The pors watar consists of the {ntar-aggregate pore
water (mobile watar batween the sphares) and the {atra—aggregats pore water
(stagnant watar insida the pores of the spheras). It {s again assumed that
convective-disparsive solute traansport occurs oaly in the inter-aggregats pore
watar, whils ths intra=-aggragats pore water acts as a diffusion sink/source for tha
solutas. FPFickian diffusion was used in order to describs the transport in each
sphare. Similar simplistic models have been used to describe the diffusion of
solutas froa the macropore water {ato the soil macrix (ae.g., Johaston, 1983),

The abovae modals are quitas ianteresting. Howaver, they are only a very crude
rapresentation of the real system and requira parameters that in most cases are
difficult to datsrmine. Their usefulnass in real field situatioas has yat to be
demoanstrated.

Field=-Scala Dispersivities. In tha case of saturated flow it has baea obgarved that
dispersivity iancreases as the scalas of tha expariment increases. A theoratical
explanation of this behavior {s givea in Gelhar, at al. (1979) and Gelhar and
Axness, (1933). It {8 reasocnabla to axpect a similsr beshavior for unsaturated

flow., Tharafore, it may prove useful to relate field-scale dispersivity for
unsaturated flow to the scala of axpariment,

Unfortunately, very few field~scala disparsivities have besn reported for
unsaturated flow systems. Most wars observed in small-scale settings and tha
mathods used in their determination vary and ars often questionabls. Tabla 3-4
gives some values of longitudinal dispersivity (A;, = Dy/vy) for saveral

laboratory and field experiments. Some of the Ay values of Table 3-4 wers
actually reportad in the publications, while othars we avaluated using simple
calculations. The longitudinal dispersivities Ay were plotted as a function of
the scale of the experiment and are shown ia Pigure 3-2. This figure shows a lack
of reported values of Ay, for scales larger than 2 a. Navertheless, the few
axistiag data points show an increasa of Ay with the scale of experizent,
analagous to the saturated-flow case. Tha longitudinal dispersivity may depend on
other factors, such as soil typs, soil hatarogeneity and moisture content; however,
it is aot poasibls to recognize any dependence of Ay, on thess factors, dus to the
dearth of data. A theorstical stochastic approach is baing developed at MIT ina
order to derive tha ralationship between unsaturated flow dispersivities and the
properties of the system.
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FIELD DISPERSIVITIES, A

Table 3-4

Author

Type of
Experiment

Vertical scales
of experiment (m)

Loungitudinal
dispersivity
Ap(m)

Yule and
Gardaer,
(1978)

Laboratory

0.23

0.0022

Hildebrand
and
Hi{mmelblau,
(1977)

Laboratory

0.79

0.0018

Kirda,
et al.
(1973)

Laboratory

0.60

0.004

Gaudet,
et al,
(1977)

Laboracory

0.94

0.01

Brissaud,
et al.
{1983)

Field

1.00

0.0011,
0.002

Warrick,
et al,
1}971)

Field

1.20

0.027

Van de Pol,
et al.
{1977)

Field

1.50

0.094}

Eiggar and
Nielsen,
£1976)

Fileld

1.83

0.03

Kies,
(1981)

Field

2.00

0.168

Jury,
et al.
{1982)

Fleld

2.00

0.0945

Andersen,
et al.
(1968)

Fleld

20.00

Oakes,
(1877)

Field

20.00
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CONCLUSIONS AND RECOMMENDATIONS
Conclus fons

A number of observations ~

discussed. The objectiveozt:1::61:::t:f:n;::::::::sf::at:nd ot e Deen
important ian field-scale problems. The discussion has aho:: :::tt::::pOt: e o
are much more complicated and behave differently in the field than in t:: et
laboratory. This {s probably due to the three-dimensionality of flow and the
natural heterogeneity observed in the field. Unfortunately, the available field-
scale observations are very few compared to the complexity of the problenm.
Therefore, our conclusions are mainly qualitative. Nevertheless, even qualitative
conclusicns are tmportant since they relate to the design of field experiments.

Our main conclusion is that heterogeneity is of paramount importance in field-scale
flow and transport. Due to natural heterogeneity, flow in the fleld is, in general,
a three-dimensioanal process, even in what appesrs to be relatively homogeneous

soil. Depending on the nature of spatial heterogeneity and water availability,
certain types of flow are more prouounced. Two types of flow which relate to waste
disposal control practice and modelling were cbserved. The first is laterasl spread
of moisture in stratified scils due to capillary forces. The second is fast
vertical flow in fingers or channels due to gravity.

The field observaticns of Rocutsoun, et al. (1979), Price, et al. (1979), Crosby, et
al. (1968, 1971), Prill (1977), Knoll and Nelson (1962) and Palmquist, et al. (1962)
have indicated conditions for which lateral spread of soil moisture is important.
The conclusfon is that lateral movement is enhanced if the soil is scratified, the
faitial soil mofsture is low, the size of the application area is small relative to
the size of the unsaturated zone, and the water application rate is low. It was

observed that, at high moisture tension, lateral Dovement is more pronounced in
finer soil layers than in coarser layers. The dependence of lateral movement oun
molsture coutent suggests a soilemoisture depeandence of the anisotropy of hydraulic
conductivity. This is in accordance with the theoretical results of Yeh and Gelhar
.(1983),

This lateral flow process is pertinent to vaste disposal in the thick unsaturated
sediments which are coamon {a arid sectings. In line with cthe previous discussion,
ic can be expected that the waste liquid will spread laterally while vertical
movement will be relatively limited. As a result, contasination may arrive at the
water table much later than predicted by a classical one—-dimensional model, and
areally exteansive contamlaation may result.
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Starr, at al. (1973), Quiseaberry aad Phillips (1976), Johnston, at al.

(1933), Thomas and Phillips (1979), Bouma (1981), and Baven and Garmann (1932)
discussad savaral cases of fast gravity flow. A particular casa ia that of faat
gravity flow occurring in discrsts fingers in a coarss~taxtured soil layaer, if chis
layar is overlain by a saturatad fine texturs soil layar (Starr, at al., 1978;
Palmquist, et al. 1962). Aaother type of fast gravity flow occurs {n macroporic
featurss such as cracks, root holes, and fissures. Thesa structures ara mora
important if they ara open to mors parmeabla surface materials or tha ground
surfaca. In addition thers should be a significant source of water, especially for
tha larger pores, since these pores will be watar filled only at tansfons close to
zero (i.e., near saturation). The significance of these porss also depends oan the
inicial soil moisturs, the rslative size and concentrations of pores, aand the soil
structurae.

A consequence of such fasc flow in solute transport is that salts in the soil
surfaca will da moved to a much greater depth by rain or irrigation than would be
pradic:ed by displacement iypa models. On the other hand, it is probabla that much
of tha salt will ba bypassed and remain near the soil surface. In arid reglous,
with low rates of liquid additions, which is the case in many waste disposal coatrol
problems, fast gravity flov may not be important.

Some implications of tha above flow mechaaisms for the practical prodles of
modalling large-scale unsaturated flow and transport systems will now be discussed.
In the case of dry, stratified soils the fact that lateral flow can be sigaificant
should not bs ignored. This implies that three-dimensional models are required. As
was discussed earlier, the anisotropy of the effective unsaturated hydraulic
conductivity for such soils is dependent on the moisture content and this should be
taken into accouat in the modelling process. No sufficient information exists on
longitudinal and transverss dispersion coefficiants for such systems, but it is
sxpactad that they will be larger than laboratory values dus to natural
hetarogeneity, which causes spatial variability of velocity.

It seems improbabla that the classical flow and transport models (Darcian, Pickian)
will be capable of predicting flow and transport fa cases of fast gravity flov ia
macrostructures or fingers. Nevertheless, it may be possible {but not probable)
that such models can be used if appropriate sffective model paramsters are

selected. Effective hydraulic coanductivities, for exazple, may be ouna or two orders
of magnitude larger than the local values. (Boums, 1982; Trautwein, et al. 1933).
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Alggnetll couclusion of the review is that flow in the field is a three-dimensional
process and velocity {s highly varieable {n space, even in what appear to be
relatively homogeneous sofls. It is expected that such veloctty variahtlity'uill
tend to increase the field-scale dispersion coefficients. It {s also expected that
field-scale dispersion coefficients increase with the size of the experiment. Some
evidence indicating such dependence was given ia Figure 3~2,

Recommendations

A clear counclusica of this review is that existing fleld observations of unsaturated
flow and transport are very limited, considering the complexity and importance of
the problem. Natural heterogeneity plays an important role in field-scale vadose-
zone flow and transport., Small laboratory models canac realistically produce the
natural heterogeneity exhibited ia the field, so it is difficult to draw conclusioas
from such experiments for the processes occurring in the field. 1In order to better
understand the mechanisms of field-scale flow and transport, obtain field-scale
parameters and test theories and models, carefully desiguned large-scale field
experiments are definitely needed.

In particular, it i{s importaant to understand how lateral flow and fast gravity flow
depend on soil type, stratification, water application rate, size of water
applicatioa area, and initial moisture content. A series of experiments in various
soil settings is necessary to develop quantitative understanding of these
mechanisms. In order to produce realistic results for waste disposal applicatioas,
the experiments should be carried out at pertinent vertical scales of up to several
tens of meters. Traceable solutes should be introduced over areas of comparable
horizontal extent. Because of its critical role in field-scale transport,
three-dimensional spatial variability of soil properties should be measured at
the experimental sites.

Modelling of field-scale unsaturated flow and transport requires knowledge of how
the large-gcale effective model parameters depend on spatisl variasbility, scale,
moisture content and other factors. The proposed experiments will yield the large-
scale effective parameters. Using the atochastic theory, these effective parameters
can be predicted from statistical parameters determined by measuring the spatisl
variabilicy of soil, The stochastic spproach thus provides & systematic method of
predicting large-scale parameters from small-ecale data. One goal of the proposed
experiments is to test the validity aad practicability of this approach.
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