| 0245

WATER RES¢,,. ~CES RESEARCH, VOL. 28, NO. 7, PAGES 1955-x.v4, JULY 1992

A Critical Review of Data on Field-Scale Dispersion in Aquifers

LyNN W. GELHAR

Department of Civil Engineering, Massachusetts Institute of Techrology, Cambridge

CLAIRE WELTY

Department of Civil and Architectural Engineering, Drexel University, Philadelphia, Pennsylvania

KENNETH R. REHFELDT
Hlinois State Water Survey, Champaign

A critical review of dispersivity observations from 59 different field sites was developed by
compiling extensive tabulations of information on aquifer type, hydraulic properties, flow configura-
tion, type of monitoring network, tracer, method of data interpretation, overall scale of abservation
and longitudinal, horizontal transverse and vertical transverse dispersivities from original sources.
This information was then used 1o classify the dispersivity data into three reliability classes. Overall,
the data indicate a trend of systematic increase of the longitudinal dispersivity with observation scale
but the trend is much less clear when the reliability of the data is considered. The longitudinal
dispersivities ranged from 10~2 to 10* m for scales ranging from 10~! to 10° m, but the largest scale
for high reliability data was only 250 m. When the data are classified according to porous versus
fractured media there does not appear to be any significant difference between these aquifer types. At
a given scale, the longitudinal dispersivity values are found to range over 2-3 orders of magnitude and
the higher reliability data tend to fall in the lower portion of this range. It is not appropriate to represent
the longitudinal dispersivity data by a single universal line. The variations in dispersivity reflect the
influence of differing degrees of aquifer heterogeneity at different sites. The data on transverse
dispersivities are more limited but clearly indicate that vertical transverse dispersivities are typically
an order of magnitude smaller than horizontal transverse dispersivities. Reanalyses of data from
several of the field sites show that improved interpretations most often lead to smaller dispersivities.
Overezll, it is concluded that longitudinal dispersivities in the lower part of the indicated range are more

likely to be realistic for field applications.

INTRODUCTION

The phenomenon of dispersive mixing of solutes in aquifers
has been the subject of considerable research interest over the
past 10 years. Characterizing the dispersivity at a particular
field site is essential to any effort in predicting the subsurface
movement and spreading of a contaminant plume at that
location. Both theoretical and experimental investigations have
found that field-scale dispersivities are several orders of mag-
nitude greater than lab-scale values for the same material; it is
generally agreed that this difference is a reflection of the
influence of natural heterogeneities which produce irregular
flow patterns at the field scale. Consequently, laboratory
measurements of dispersivity cannot be used to predict field
values of dispersivity. Instead field-scale tracer tests are some-
times conducted to estimate dispersivity at a particular site.

Early efforts to document the scale dependence of disper-
sivity [Lallemand-Barres and Peaudecerf, 1978; Anderson,
1979; Pickens and Grisak, 1981; Beims, 1983; Neretnicks,
19851 were based on field values of dispersivity reported in
the literature and the test scales associated with those
values. These studies were useful in that they indeed docu-
mented field evidence of the scale effect, but they were
lacking in that they did not assess the reliability of the data
Presented. Because we felt that the data would be more
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meaningful if their variable quality was recognized, we
assembled the dispersivity data along with related informa-
tion from the original sources and evaluated the reliability or
quality of these data [Gelhar et al., 1985]. The graphical
results of that work have been widely used by both practi-
tioners and theoreticians, often without appropriate consid-
eration of the reliability of the data. For example, recent
theoretical developments based on fractal concepts [Philip,
1986; Wheatcraft and Tyler, 1988; Neumarn, 1990] have
relied on information similar to that in the work by Gelhar et
al. [1985] but those studies disregarded the issue of the
reliability of the data. We feel that it is important to update
the dispersivity information including results from recent
comprehensive field experiments and at the same time focus
on the interpretations of the reliability of the data. With
these goals in mind, this work develops the following: (1) an
outline of the theoretical description of dispersive mixing in
porous media; (2) a tabular summary of existing data on
values of field-scale dispersivity and related site information
reported in the literature; (3) an evaluation of the reliability
or quality of these values based on clearly delineated crite-
ria; and (4) discussion and interpretation of the applied and
theoretical implications of the data.

TueORETICAL CONCEPTS OF FIELD-SCALE
DiSPERSIVE MIXING

The mass balance equation governing the transport of an
ideal chemically nonreactive conservative solute by a homo-
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geneous fluid (constant density and viscosity) that flows
through a rigid saturated porous medium is commonly ex-
pressed as [e.g., Bear, 1972; de Marsily, 1986]

dc L.
Du l’.]=17 253 (l)

axj

dc ac a
— 4 vy T— =
ot ax,-

0x i
where ¢ is the solute concentration, v; is the seepage
velocity component in the x; direction, and Dj; are the
components of the dispersion coefficient tensor. The right-
hand side of (1) represents the net dispersive transport which
is presumed to be Fickian, i.e., the dispersive mass flux is
proportional to the concentration gradient. Some investiga-
tors [e.g., Robertson and Barraclough, 1973; Bredehoeft and
Pinder, 1973] alternatively define the dispersion coefficient
tensor including the porosity n as D’fj = nD;. When it was
clear that D"Ej was used in a study, we converted to the more
common form used in (1). The mean flow direction is taken
to be x;, with vy = v, v = v3 = 0. Assuming that x,, x5,
and x5 are principal directions, the dispersivity is simply the
ratio of the appropriate component of the dispersive coeffi-
cient tensor divided by the magnitude of the seepage veloc-
ity, v. To distinguish the field-scale dispersivities from
laboratory values, the field-scale values are designated by
the uppercase letter A [see Gelhar and Axness, 1983] and, to
allow for anisotropy of transverse dispersion, a third disper-
sivity coefficient is used as follows:

D11=AL‘U D22=AT'U D33=Av'U (2)
where A, is the longitudinal macrodispersivity (field scale),
and A7 is the horizontal transverse macrodispersivity, and
Ay is the vertical transverse macrodispersivity.

The classical equation (1) with macrodispersivities (2) is
standardly used for applied modeling of field-scale solute
transport. The macrodispersivities are considered to be a
property of some region of the aquifer. Although the mac-
rodispersivity may be a function of space, in most applica-
tions it is assumed constant over a region of the aquifer that
encompasses the entire plume both horizontally and verti-
cally. Real solute plumes are observed to be three-
dimensional [LeBlanc, 1982; Perlmutter and Lieber, 1970;
MacFarlane et al., 1983] and often of limited vertical extent.
Although the classical equation is three-dimensional, the
two-dimensional form is most commonly applied. Reasons
for the use of the two-dimensional form of the equation
include lack of three-dimensional data and in the case of
numerical models, restrictions on the size of data arrays in
the model. Seldom is the two-dimensional form justified on
the basis of site conditions or plume observations.

A number of theoretical studies have proposed methods of
describing field-scale dispersive mixing. All of the theories
view field-scale dispersion as being produced by some kind
of small-scale heterogeneity or variability of the aquifer. At
present there is considerable debate concerning how to
parameterize the variability and model field-scale solute
transport. Assuming a perfectly layered aquifer, one group
[Molz et al., 1983, 1986] suggests measuring the variability in
detail and modeling the transport in each layer with local-
scale dispersivities, thus eliminating the need for a field-scale
dispersivity. Again assuming a layered aquifer, a second
group suggests the use of a scale-dependent or time-
dependent field-scale dispersivity [e.g., Pickens and Grisak,
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1981; Dieulin, 1980]. A third group [e.g., Gelhar and Axness,
1983; Dagan, 1982; Neuman et al., 1987] has examined more
general three-dimensional heterogeneity with stochastic
methods and concluded the classical equation with constant
field-scale dispersivities is applicable to describe transport
over large distances. These stochastic approaches incorpo-
rate the effects of practically unknowable small-scale varia-
tions in flow by means of macrodispersivities which are used
in a deterministic transport model describing the large-scale
variations in flow by means of the convection terms. None-
theless, under what circumstances a field-scale dispersivity
can be used to describe field-scale solute transport is still an
open question. Until the issue is resolved, the field-scale
dispersivity concept can be regarded as a working hypothe-
sis which has a sound theoretical basis and finds wide
application.

FIELD DATA ON DISPERSIVITY

Summary of Observations

A literature review was conducted to collect reported
values of dispersivity from published analyses of field-scale
tracer tests and contaminant transport modeling efforts. The
literature sources and pertinent data characterizing each
reviewed study are summarized in Table 1 which includes
information on 59 different field sites. The information
compiled from each study includes site location, description
of aquifer material, average aquifer saturated thickness,
hydraulic conductivity or transmissivity, effective porosity,
mean pore velocity, flow configuration, dimensionality of
monitoring network, tracer type and input conditions, length
scale of the test or problem, reported values of longitudinal
and horizontal and vertical transverse dispersivities, and
classification of the reliability of the reported data. Blank
entries indicate that the information was not provided in the
cited documents. This table summarizes information for
purposes of comparison only. More detail regarding a par-
ticular study may be found in the original sources.

Aquifer characteristics. As indicated by the second
through sixth columns from the left, the study sites represent
a wide variety of aquifer conditions and settings. Summa-
rized in these columns is information on aquifer material,
saturated thickness, hydraulic conductivity or transmissiv-
ity, and velocity. The aquifer thickness for each site is the
arithmetic average of the range at that site. Hydraulic
conductivity and transmissivity values show the range re-
ported at the site. Reported values for effective porosity vary
from 0.5% (for fractured media) to 60% (for porous media).
When a value was reported as ‘‘porosity,” we interpreted
this as the effective porosity (interconnected pore space), the
value used in analysis of the advection-dispersion equation.
Where porosity was reported as ‘‘total porosity,” we have
indicated this in the table. The velocity column indicates the
mean pore or seepage velocity at a site. In some cases the
values were calculated from information provided on aver-
age specific discharge, g, and effective porosity, n, as v =
g/n. Velocities ranged from 0.0003 to 200 m/d.

Methods of determining dispersivity. The seventh
through tenth columns from the left summarize the method
used to determine the dispersivity for each site. The seventh,
eighth, and ninth columns from the left describe experimen
tal conditions: flow configuration, monitoring, tracer and
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input; the tenth column from the left summarizes methods of
data interpretation. Dispersivity values were calculated or
inferred from one of two types of subsurface solute transport
events: large-scale, uncontrolled contamination (naturally
occurring or human-induced) events, or controlled tracer
tests.

Uncontrolled events are characterized by a source input
history that is unknown, transport of contaminants by the
ambient flow of groundwater, and solute plumes that often
extend over regional scales (hundreds of meters). We de-
scribe naturally occurring events as “‘environmental” trac-
ers, implying chemical constituents associated with uncon-
trolled natural changes occurring in groundwater before the
start of a study. Examples of naturally occurring events
include tritium in groundwater from recharge containing
atmospheric bomb tritium, seawater intrusion, and mineral
dissolution. These events are indicated in the “‘tracer and
input” column by the notation *‘environmental* along with
the type of chemical species reported. Examples of human-
induced contamination events include leaks and spills to
groundwater from landfills, storage tanks, surface impound-
ments, and infiltration basins. These types of events are
indicated by the notation ‘‘contamination®’ in the tracer and
input column. Values of dispersivity for uncontrolled events
are commonly determined by fitting a one-, two-~, or three-
dimensional solute transport model to historical data; i.e.,
values of dispersivity are altered until model output matches
historical solute concentration measurements.

The main features distinguishing controlled tracer tests
from uncontrolled ones is that in the former, both the
quantity and duration of solute input are known. This is
indicated by *‘step’” (continuous input of mass) or ‘‘pulse’’
(“instantaneous’” or slug input) in the “‘tracer and input’’
column. Controlled tracer tests may be conducted under
ambient groundwater flow conditions (also referred to as
natural gradient tests), or under conditions where the flow
configuration is induced by pumping or recharge. The type of
test is reported in the ‘‘flow configuration”” column. Induced
flow configurations include radial, two-well, and forced
uniform flow. In radial flow tracer tests, a pulse or step input
of tracer is injected at a recharge well and the time distribu-
tion of tracer is recorded at an observation well (diverging
radial flow test), or the tracer is injected at an observation
well and the time distribution is recorded at a distant
pumping well (converging radial flow test). In a two-well
test, both a recharge well and pumping well are operating;
tracer is injected at the recharge well and tracer break-
through is observed at the pumping well. Recirculation of the
water (containing tracer) from the pumping well to the
recharge well is often employed. ““Forced uniform flow™
refers to the flow regime at the Bonnaud site in France,
where a uniform flow field was generated between two lines
of equally spaced wells, one line recharging and one line
pumping, with both screened to the full depth of the aquifer.
A discussion of the advantages and disadvantages of differ-
ent types of tracer tests is presented by Welty and Gelhar
{1989].

A number of methods have been used to evaluate the data
from controlled tracer tests, as indicated by column headed
“method of data interpretation.”” These include fitting of
one-, or two- or three-dimensional solute transport analytical
solutions, and the method of spatial moments. It should be
noted that since the velocity is nonuniform for both radial
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and two-well tracer tests, analysis of the data must account
for this effect to determine dispersivity properly for such
cases. Nonuniform velocity effects have also been observed
in ambient flow tracer tests.

The types of tracers used to determine dispersivity at each
site are summarized in the *‘tracer and input’’ column along
with the input conditions. A variety of chemical and micro-
biological tracers have been employed for controlled tracer
tests. Discussions of the suitability of different chemical and
microbial species for tracer tests are presented by Davis et
al. {1980, 1985] and Betson et al. [1985]. A primary consid-
eration in designing a controlled tracer test is whether the
species is conservative or nonconservative. A conservative
tracer is one that moves with the same velocity as the
groundwater and does not undergo radioactive decay, ad-
sorption, degradation, chemical reaction (or in the case of
microorganisms, death). If any of these effects are present,
they must be accounted for in evaluation of the dispersivity.
Another factor important in the choice of a tracer is that it is
not present in naturally occurring groundwater, or that it is
injected at concentrations much higher than natural back-
ground levels.

The ‘“‘monitoring’” column indicates whether two- or
three-dimensional monitoring was employed at a site. By
two-dimensional monitoring we mean depth-averaged (ver-
tically mixed). Three-dimensional monitoring implies point
samples with depth. This information is noted because
vertical mixing in an observation well influences the concen-
tration of tracer in a water sample. Several studies [Meyer er
al., 1981; Pickens and Grisak, 1981] have shown that when a
tracer is not injected over the full aquifer depth, vertically
mixed samples underestimate the tracer concentration and
as a result the longitudinal dispersivity is overestimated.
This occurs because the tracer occupies only a portion of the
vertical thickness. When a sample from the entire thickness
is taken, the true tracer concentration is diluted in the well
with tracer-free water. If an attempt is made to interpret the
diluted (‘*measured’”) concentration, the dispersivity will be
overestimated. At many sites there was no indication
whether point or fully mixed sampling was performed. From
examination of the cases where three-dimensional measure-
ments of solute concentrations were made, it is clear that
vertical mixing of the tracer as it travels through the aquifer
is often very small [Sudicky et al., 1983; LeBlanc, 1982;
Freyberg, 1986; Garabedian et al., 1988, 1991].

Field dispersivities and scale. The **scale of test” col-
umn represents the distance traveled from the source for
ambient conditions, or the distance between injection and
observation wells for the case of an induced flow configura-
tion. The values of dispersivity reported at the indicated
scale are given in the second column from the right. Data
from the 59 sites yielded 106 values of longitudinal disper-
sivity, since often multiple investigations or multiple exper-
iments by one investigator were performed at one site. A
plot of the longitudinal dispersivity values as a function of
scale is presented in Figure 1. The arithmetic average was
plotted in cases where a range was reported either for the
scale or dispersivity in Table 1. In some cases, values of
dispersivity for individual layers were reported as well as an
average ‘‘aquifer’’ value. In these cases the latter value was
plotted for the given scale. The symbols on Figure 1 indicate
whether the dispersivity value is for fractured media (open
symbols, 18 values) or porous media (solid symbols, 38
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TABLE 1. Summaryof

Hydraulic
Average Conductivity
Aquifer (m/s) or Effective
Thickness,  Transmissivity Porosity, Velocity,
Reference and Site Name Aquifer Material m (m?2/s) % m/d Flow Configuration
Adams and Gelhar [1991],§  very heterogeneous sand 8 107% to 1073 mi/s 35 0.03-0.5 ambient
Columbus, Mississippi and gravel
Abhlstrom et al. [1977], glaciofluviatile sands and 64 5.7 x 10™* t0 3.0 ambient
Hanford, Washington gravels x 1072 m/s
Bentley and Walter [1983], fractured dolomite 5.5 18 0.3 two-well recirculating
WIPP
Bierschenk [1959] and Cole  glaciofluviatile sands and 64 1.7 x 16~ m%/s 10 26 ambinet
{1972], Hanford, gravels 31
Washington
Bredehoeft and Pinder limestone 50 6.5 x 1077 to 8.6 35 radial converging
[1973], Brunswick, x 10”7 m?/s
Georgia
Claasen and Cordes [1975], fractured dolomite and 15 5x 1072 to 11 660 0.14-3.4  two-well recirculating
Amargosa, Nevada limestone x 1072 m2/s
Daniels [1981, 1982], alluvium derived from 500 1.7 x 1075 m/s 0.04 radial converging
Nevada Test Site tuff
Dieulin [1981], Le Cellier fractured granite 20 3Ix 10409 2-8 3 radial converging
(Lozere, France) x 10™% m/s
Dieulin [1980], Torcy, alluvial deposits 6 3x 1074 m/s 0.5 ambient
France
Egboka et al. [1983], glaciofluvial sand 7-27 1075 to 1077 m/s 38 0.01-0.04 ambient
Borden
Fenske [1973], Tatum Salt  limestone 53 4.7 x 1075 m/s 23 1.2 radial diverging
Dome, Mississippi
Freyberg [1986], Borden glaciofluvial sand 9 7.2 x 10~° m/s 33 0.09 ambient
(total)
Fried and Ungemach sand, gravel, and 12 9.6 radial diverging
[1971], Rhine aquifer cobbles
Fried [1975], Rhine aquifer  alluvial; mixture of sand, 125 1073 m/s ambient
(salt mines) southern gravel, and pebbles
Alsace, France with clay lenses
Fried [1975], Lyons, alluvial, with sand and 20 5.0 ambient
France (sanitary landfill) gravel and slightly
stratified clay lenses
Garabedian et al. [1988] medium to coarse sand 70 1.3 x 1073 m/s 39 0.43 ambient
Cape Cod, with some gravel
Massachusetts overlying silty sand
and till
Gelhar [1982], Hanford, brecciated basalt two-well without
Washington interflow zone recirculation
Gobler [1982], site B, fractured granite 50 1075 to 107 m/s 84 radial converging
France
Grove [1977], NRTS, Idaho basaltic lava and 76 14 %1071 to 1.4 10 ambient
sediments x 10! m?/s
Grove and Beetem [1971], fractured dolomite 12 12 3.5 two-well recirculating
Eddy County (near
Carlsbad), New Mexico
Gupta et al. [1975], Sutter sandstone, shale, sand, ambient
Basin, California and alluvial sediments
Halevy and Nir [1962] and  dolomite 100 3.4 4.0 radial converging
Lenda and Zuber [1970],
Nahal Oren, Israel
Harpaz [1965], southern sandstone with silt and 90 14 radial diverging
coastal plain, Israel clay layers
Helweg and Labadie ambient
[1977], Bonsall subbasin,
California
Hoehn [1983], lower Glatt layered gravel and silty 25 9.2 x 107* t0 6.6 ambient

Valley, Switzerland

sand

x 1073 m/s

—_ 00— W
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Field Observations
Classification
of Reliability
of
. Dispersivity AllA7lAy
Monitoring Tracer and Input*  Method of Data Interpretation  Scale of Test, m AL /Ar/Ay.tm a, II, 1Dt
three-dimensional Br~ (pulse) spatial moments 200 7.5 n
two-dimensional  >H (contamination) two-dimensional numerical 20,000 30.5/18.3 I
model
two-dimensional ~ PFB, SCN (step) one-dimensional quasi-uniform 23 5.2 11
flow solution [Grove and
. . Beetem, 1971]
two-dimensional  fluorescein (pulse)  one-dimensional uniform flow 3,500 6 m
solution 4,000 460 It
two-dimensional  CI~ (contamination) two-dimensional numerical 2,000 170/52)| uI
model
two-dimensional  >H (pulse) one-dimensional quasi-uniform 122 15 11X
flow solution [Grove and
Beetem, 1971]
two-dimensional 3H (contamination) radial flow type curve [Sauty, 91 10-30 11
1980]
two-dimensional C17, I~ (pulse) radial flow type curve [Sauty, 5 0.5 I
1980]
two-dimensional ~ Cl~ (pulse) one-dimensional uniform flow 15 3 I
(resistivity) solution
three-dimensional >H (environmental)  one-dimensional uniform fiow 600 30-60 III
solution
3H (pulse) one-dimensional uniform flow 91 11.6 11
solution
three-dimensional Br~, C1™ (pulse) spatial moments 90 0.43/0.039 I
Cl1™ (pulse) one-dimensional radial flow 6 i1 11
numerical model
three-dimensional Cl~ (contamination) two-dimensional numerical 800 151 i
model
two-dimensional  EC (contamination) two-dimensional numerical 600-1000 12/4 11
model
three-dimensional Br~ (pulse) spatial moments 250 0.96/0.018/ I
0.0015
two-dimensional 3] (pulse) one-dimensional nonuniform 17.1 0.60 I
flow solution along
streamlines [Gelhar, 1982]
two-dimensional ~ RhWt, SrC) (pulse)  one-dimensional uniform flow 17 2 I
solution including borehole
flushing effects
two-dimensional  Cl~ (contamination) two-dimensional numerical 20,000 9191 I
model
two-dimensional 3H (step) one-dimensional quasi-uniform 55 38.1 111
flow solution [Grove and
Beetem, 1971]
Cl™ (environmental) three-dimensional numerical 50,000 80-200/ 11
model 8-20
two-dimensional  %0Co (pulse) one-dimensional uniform flow 250 6 II
solution
two-dimensional  CI™ (step) one-dimensional radial flow 28 0.1-1.0 II
solution
TDS two-dimensional numerical 14,000 30.5/9.1 111
(contamination) model
two-dimensional  uranine (pulse) one-dimensional uniform flow 44 0.1
solution for layers 44 0.01 11
4.4 0.2
10.4 0.3
10.4 0.04 111

10.4 0.7
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TABLE |,
Hydraulic
Average Conductivity
Aquifer (m/s) or Effective
Thickness, Transmissivity Porosity, Velocity,
Reference and Site Name Aquifer Material m (m?/s) % m/d Flow Configuration
Hoehn and Santschi layered gravel and silty 27.5 8.1 x 1077 to0 6.6 1.5 ambient
[1987], lower Glatt sand x 1073 m/s 3.2
Valley, Switzerland 5.6 ambient
3.9
3.2
Huyakorn et al. [1986], layered medium sand 21.6 0.35 two-well without
Mobile, Alabama recirculation
Iris [1980], Campuget alluvial deposits 9 3.6 x 1073 m%/s 0.05 radial diverging
(Gard), France
Ivanovitch and Smith fractured chalk 2.2 X 1073 m/s 0.5 57.6 radial converging
[1978], Dorset, England (fast pulse)
chalk 3.6 X 107* m/s 2.3 9.6 radial converging
(slow pulse)
Kies [1981], New Mexico  fluvial sands 9.55 x 1079 mi/s 42 ambient
State University, Las (total)
Cruces
Klotz et al. [1980], fluvioglacial gravels 14 20 radial converging
Dormach, Germany
Konikow [1976], Rocky alluvium 30 ambient
Mountain Arsenal
Konikow and Bredehoeft alluvium, 24x 10”4 t042 20 ambient
[1974], Arkansas River inhomogeneous clay, x 1073 m/s
valley (at La Junta, silt, sand and gravel
Colorado)
Kreft et al. [1974], Poland  sand 2.5 3.1 x 1073 tf 24 29 radial converging
1.5 x 10~
m/s; 1.2
x 1074 m¥s
Kreft et al. [1974], Zn-Pb fractured dolomite 57 2.5 % 107 to 2.4 1.5 radial converging
deposits, Poland 4.7 X 107* m/s 100
fractured dolomite 48 25x 107 to 24 60.1 radial converging
4.7 X 10™* m/s 22.7
Kreft et al. [1974], sulfur limestone 7 1.1 x 107 m/s 12.3 10 radial converging
deposits, Poland 10.8
limestone 7 1.1 x10™* m/s 12.3 8.6 radial converging
Lau et al. [1957], sand and gravel with 1.5 9 x 10™* m/s 30 7 radial diverging
University of California, clay lenses
Berkeley
Lee et al. [1980], Perch sand 3.2 x 107° m/fs 0.14 ambient
Lake, Ontario, (lake
bed)
Leland and Hillel [1981], fine sand and glacial till 0.75 24103 x 1075 40 0.3-0.6 ambient
Ambherst, Massachusetts m/s
Mercado [1966], Yavne sand and sandstone with 80 2.1 x1078 to 23.3 0.84-3.4  radial
region, [srael some silt and clay 2.2 x 1078 diverging/converging
m-/s
Meyer et al. [1981]; sand 20 0.12 ambient
Koeberg Nuclear Power
Station, South Africa
Molinari and Peaudecerf sand 3 83 x 10™*to 2.7 forced uniform
[1977] and Sauty [1977], 1.1 x 1073 1.0
Bonnaud, France m?/s 2.4
1.0
2.0
2.0
Moltyaner and Killey fluvial sand 40.8 1.2 ambient
[1988a, b], Twin Lake (total)
aquifer (Chalk River)
Naymik and Barcelona unconsolidated sand and 27 22x 1072 ¢to ambient
[1981], Meredosia, gravel 4.3 x 1072
Illinois (Morgan County) m?/s



GELHAR ET AL.: FIELD-SCALE DISPERSION IN AQUIFERS

1961
(continued)
Classification
of Reliability
of
- Dispersivity ALlATlAy
Monitoring Tracer and Input* Method of Data Interpretation  Scale of Test, m AflAr/Ay,t m (If 11, IID#
two-dimensional  uranine (pulse) temporal moments 4.4 1.1 I
. . 3 . 10.4 1.2 11
two-dimensional H (environmental) temporal moments 100 6.7 I
110 10.0 111
. . _ . . 500 58.0 111
two-dimensional ~ Br~ (pulse) two-dimensional numerical 38.3 4.0 1
model
three-dimensional  heat (pulse) two-dimensional radial 40 31.5 I
& numerical model
Br (pulse) one-dimensional uniform flow 8 i1 1L
o solution
Br (pulse) one-dimensional uniform flow 8 1.0 m
. _ solution
two-dimensional  NOj (pulse) two-dimensional uniform flow 25 1.6/0.76 I
solution
two-dimensional 82Br, uranine (pulse) one-dimensional uniform flow 10 5,19 I
solution
Cl™ (contamination) two-dimensional numerical 13,000 30.5 I
model
two-dimensional  dissolved solids two-dimensional numerical 18,000 30.5/9.1 111
(contamination) model
two-dimensional 3! (pulse) one-dimensional uniform flow 5-6 0.18 1I
solution
317 (pulse) one-dimensional uniform flow 22 44-110 II
solution
1311 (pulse) one-dimensional uniform flow 21.3 2.1 I
solution
8o (pulse) one-dimensional uniform flow 27 2.7-27 I
solution
BCo (pulse) one-dimensional uniform flow 41.5 20.8 I
solution
Cl~ (step) one-dimensional radial 19 2-3 I
numerical model
three-dimensional Cl~ (pulse) one-dimensional uniform flow =6 0.012 II
solution
three-dimensional Cl™ (pulse) two-dimensional uniform flow 4 0.05-0.07 m
solution
three-dimensional %°Co, C1~ (step) one-dimensional radial flow =115 (observation 0.5~-1.5 (injection 1
solution wells) phase)
three-dimensional  1!T (pulse) one-dimensional uniform flow 2-8 0.01, 0.03, 1
solution for layers 0.01, 0.05
for layers;
0.42 for
depth
average
two-dimensional I~ two-dimensional uniform flow 13 0.79 I
3 solution 13 1.27 [
131y 13 0.72 I
131y 26 2.23 1
131y 33.2 1.94/0.11 I
BIT (pulse) 325 2.73/0.11 I
three-dimensional  13!I (pulse) two-dimensional uniform flow 40 0.06-0.16/ - -/ 1
solution 0.0006-0.002
two-dimensional ~ NH; (contamination) two-dimensional numerical 16.4 2.13-3.3§/ m
mode! 0.61-0.915
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TABLE |,
o —
Hydraulic
Average Conductivity
Aquifer (m/s) or Effective
Thickness, Transmissivity Porosity,  Velocity,
Reference and Site Name Aquifer Material m (m?%/s) % m/d Flow Configuratioy
New Zealand Ministry of
Works and Development
[1977] Heretaunga
aquifer, New Zealand:
Roys Hill site gravel with cobbles 100 0.29 m?/s 22 150-200 ambient
Flaxmere site 2 alluvium (gravels) 120 0.37 m?/s 22 20-25 ambient
Hastings City rubbish alluvinm (gravels) 0.14, 0.35 m?/s 20 ambient
dump
Oakes and Edworthy sandstone 44 24x107%t0 32-48 5.6,4.0 radial diverging
[1977], Clipstone, United 1.4 X 10™* m/s 9.6
Kingdom
2.4, 3.6 radial converging
Papadopulos and Larson medium to fine sand 21 5% 107* m/s 25 0.05 radial diverging
[1978], Mobile, Alabama interspersed with clay (horizontal) and
and silt 5.1 X 107> m/s
(vertical)
Pickens and Grisak [1981], sand 8.5 2x 1075 to 38 0.15 two-well recirculating
Chalk River 2 x 107 m/s
sand 85 2x107to 38 0.15 radial
2% 107% m/s diverging/convergng
Pinder [1973], Long Island  glacial outwash 43 7.5 x 10™* m/s 35 0.43 regional
Rabinowitz and Gross fractured limestone 61 1.1x1072¢t0 1 11-21 regional
[1972], Roswell Basin, 2.9 x 107! m%s
New Mexico
Rajaram and Gelhar glaciofluvial sand 9 7.2 x 1075 mfs 33 0.09 ambient
[1991], Borden (total)
Roberts et al. [1981], Palo  sand, gravel, and silt 2 125x 103 m%s 25 15.5 radial diverging
Alto bay lands (lower aquifer); 12.0
5.0 x 107* m¥s 3.5
(upper aquifer) 25.6
7.9
Robertson [1974] and basaltic lava and 76 1.4 x 107! to 10 1.5-8 regional
Robertson and sediments 1.4 x 10! m2/s
Barraclough [1973],
NRTS, Idaho
Robson [1974, 1978], alluvial sediments 27 2.1 x 107 to 40 two-well recirculating
Barstow, California 1 x 1072 m¥s
40 3 regional
Robson [1978], Barstow, alluvial sediments 30.5 5% 107* mfs 40 regional
California
Rousselot et al. [1977], clay, sand, and gravel 12 6.5x 1073 to 14 18 radial converging
Byles-Saint Vulbas near 1.5 x 10™2 m/s 2.1-18 11.5,3.8
Lyon, France 1.8-5.9 46.7, 16
11-24 24
Sauty [1977], Corbas, sand and gravel 12 125, 100 radial converging
France 15.5, 78
6.9
Sauty et al. [1978], sand 3 8.3 x 107* to radial diverging
Bonnaud, France 1.1 x 1073 m%s
Segol and Pinder [1976], fractured limestone and 30.5  0.45x 1072 m/s 25 20 ambient
Cutler area, Biscayne calcareous sandstone (horizontal) and
Bay aquifer, Florida 0.09 x 10~* m/s
(vertical
Sudicky et al. [1983], glaciofluvial sand 7-27 48 X 107" to 38 0.07- ambient
Borden 7.6 X 1073 m/s 0.25
Sykes et al. [1982, 1983], sand 58t07.2x 1073 35 ambient
Borden m/s
Sykes et al.[1983], Mobile, sand, silt, and clay 21 5% 10™* m/s 25 0.05 radial diverging
Alabama (horizontal) and
2.5 %X 107> m/s

(vertical)
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(continued)
Classification
of Reliability
of
e s Dispersivit AplATIA
Monitoring Tracer and Input*  Method of Data Interpretation  Scale of Test, m A LIAP;’A V,Tym (If‘ II,TIII)E
three-dimensional  3'I, RhWt, 2Br,  three-dimensional uniform flow 54-59 1.4-11.5/ I
Cl—, E. Coli (pulse) solution 0.1-3.3/
; i 82 . . . 0.04-0.10
three-dimensional RhWt, ¥Br (pulse) three-dimensional uniform flow 25 0.3-1.5/ I
solution ~++/0.06
three-dimensional Cl~ (contamination) three-dimensional uniform flow 290 41/10/0.07 I
solution
wo-dimensional  ¥Br (pulse) radial low numerical model 6 0.16, 0.38 I
3 0.31 11
two-dimensional ~ C1~, I™ (pulse) 6 0.6 11
3 0.6 I
two-dimensional  heat (step) two-dimensional numerical 57.3 1.5 I
model
three-dimensional  'Cr (step) one-dimensional quasi-uniform 8 0.5 I
flow solution
three-dimensional  13'I (step) one-dimensional radial flow 3 0.03 101
solution
three-dimensional ~ Cr*6 two-dimensional numerical 1,000 21.3/4.2 I
(3contamination) model
two-dimensional H (environmental) one-dimensional uniform flow 32,000 20-23 m
solution
three-dimensional Br~, C1~ (pulse) spatial moments 90 0.50/0.05/ I
0.0022
two-dimensional ~ Cl~ (step) one-dimensional uniform flow 11 5 m
solution 20 2 ma
40 8 I
16 4 i1
43 11 I
two-dimensional  Cl~ (contamination) two-dimensional numerical 20,000 910/1370]] I
model
two-dimensional ~ Cl~ (step) one-dimensional quasi-uniform 6.4 15.2 I
flow solution
two-dimensional  TDS two-dimensional numerical 10,000 61/18 I
(contamination) model
three-dimensional TDS two-dimensional numerical 3,200 61/--+/0.2 I
(contamination) model (vertical section)
two-dimensional I (pulse) one-dimensional uniform flow 9.3 6.9 1I
solution for layers 53 0.3, 0.7 I
10.7 0.46, 1.1 1
7.1 0.37 1L
two-dimensional I~ (pulse) one-dimensional uniform flow 25 11, 1.25 1
solution for layers 50 25,6.25 41
150 12.5 I
two-dimensional  heat (step) one-dimensional radial flow 13 1.0 n
solution
three-dimensional Cl~ (environmental) two-dimensional numerical 490 6.7/ - -10.67 I
model
three-di i - ee-dimensional uniform flow 11 0.08/0.03 1I
dimensional - C1™ (pulse) i 0.75 0.01/0.005 i
three-dimensional Cl~ (pulse) two-dimensional numerical 700 7.6/ + +10.31 148
model
three-dimensional heat (step) three-dimensional numerical 57.3 0.76/- - -/0.15 I

model



1964

GELHAR ET AL.: FIELD-SCALE DISPERSION IN AQUIFERS

TABLE |,
Hydraulic
Average Conductivity
Aquifer (m/s) or Effective
Thickness, Transmissivity Porosity, Velocity,
Reference and Site Name Aquifer Material m (m?%/s) % m/d Flow Configuration
Vaccaro and Bolke [1983], glaciofluvial sand and 152 9 x 107 m?%/s to 740 0.003-2.8 ambient
Spokane aquifer, gravel 6.5 m?/s
Washington and Idaho
Valocchi et al. [1981], Palo sand, gravel, and silt 2 125 x 1073 m%s 25 27 radial diverging
Alto bay lands (lower aquifer;;
5.0 x 107* m%/s
(upper aguifer)
Walter [1983], WIPP fractured dolomite 7 8.0 x 1075 m?/s 0.7and  4.7,2.4  radial converging
11 (along
separate
paths)
Webster et al. [1970], crystalline, fractured 76 3.6 X 1077 m/s 1.3 two-well recirculating
Savannah River Plant, schist and gneiss 21.4
South Carolina
Werner et al. [1983], gravel 20 6 x 1073 m/s 17 9.1 ambient
Hydrothermal Test Site,
Aefligen, Switzerland
Wiebenga et al. [1967] and sand and gravel 6.1 5.5 % 1072 m/s 32 29 radial converging
Lenda and Zuber [1970],
Burdekin Delta,
Australia
Wilson [1971] and Robson  unconsolidated gravel, 575 x 1073 38 two-well without
[1974], Tucson, Arizona sand, and silt m?/s recirculation
radial diverging
Wood [1981], Aquia sand 1,000 29 % 107* to 35 0.0003- ambient
Formation, southern 8.7 x 107* m?%/s 0.0007
Maryland
Wood and Ehrlich [1978] sand and gravel 17 32x 1073 to 78 radial converging

and Bassett et al. [1980],
Lubbock, Texas

4.4 x 1073 m2/s

*TDS denotes total dissolved solids; EC, electrical conductivity; PFB, pentafluorobenzoate; MTFMB, metatrifluoromethylbenzoate;
MFB, metafluorobenzoate; Para-FB, parafluorobenzoate; RhWT, rhodamine-WT dye; and SCN, thiocyanate.

tA; denotes longitudinal dispersivity; Ay, horizontal transverse dispersivity; and Ay, vertical transverse dispersivity. Reported values
for A7, Ay, and Ay are separated by slashes. Absence of slashes means that values were reported for A; only. A comma or a dash
separating entries means that multiple values or a range of values, respectively, were reported for a particular dispersivity component.

tFor description of classification criteria, see text.

$E. E. Adams and L. W. Gelhar, Field study of dispersion in a heterogeneous aquifer; Spatial moments analysis (submitted to Water

Resources Research, 1991).
[Porosity-corrected dispersivity value.

values). The type of event evaluated is indicated by a circle
(tracer test, 83 values), triangle (contamination event, 15
values), or square (environmental tracer, eight values). The
total numbers of values of dispersivity for each type of
medium and test are shown in Table 2. Any reported values
of horizontal transverse dispersivity or vertical transverse
dispersivity are also listed in the dispersivity column of
Table 1. For the cases examined, 24 values of horizontal
transverse dispersivity and nine values of vertical transverse
dispersivity were reported. In nearly all cases, the horizontal
values were found to be 1-2 orders of magnitude less than
the longitudinal values, and the vertical valves smaller by
another order of magnitude.

Evaluation of Dispersivity Data

From Figure 1, it appears that longitudinal dispersivity
increases with scale. Field observations of dispersivity
ranged from 0.01 m to approximately 5500 m at scales of 0.75
m to 100 km. The longitudinal dispersivity for the two types
of aquifer material (porous versus fractured media) tends to

scatter over a similar range, although at a smaller scak
fractured media seem to show higher values. At each scale
there is at least a two-order-of-magnitude range in dispersiv-
ity. Because we noted a number of problems with data and
their interpretation as we gathered them for Table 1, we
would regard any conclusions about Figure 1 with skepti-
cism until further qualifying statements can be made about
the data points. Typical problems that we found with the
studies reported in Table 1 include the following: dafa
analysis not matched to flow configuration; mass inpul
history unknown; nonconservative effects of tracer not
accounted for; dimensionality of the monitoring not matched
to the dimensionality of the analysis; and assumption of
distinct geologic layers in analysis when their actual pres
ence was not documented. Based on these problems, W
decided to rate the data as high (I), medium (II), or low am
reliability according to the criteria set forth below. Table}
lists the criteria used to designate either high- or low
reliability data. No specific criteria were defined for the
intermediate classification; it encompasses the dispersivity
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(continued)
Classification
of Reliability
of
L. Dispersivit AplAT/A
Monitoring Tracer and Input*  Method of Data Interpretation  Scale of Test, m A ,_/ApT/A V,Tym (I,L II,TIII)E
Cl™ (contamination) two-dimensional numerical 43,400 91.4/27.4 HI
model
Cl™ (step) two-dimensional numerical 16 1.0/0.1 I
model
two-dimensional MTFMB, PFB, one-dimensional uniform flow 30 10-15 I
MFB, para-FB solution
(pulse)
two-dimensional :: Sr one-dimensional quasi-uniform 538 134 I
Br (pulse) flow solution
three-dimensional heat (step) one-dimensional numerical 700 130-234 111
model 37 131 III
105 208 I
iy 3 ) . 200 234 111
I, °H (pulse) one-dimensional uniform flow 18.3 0.26 I
solution
three-dimensional Cl~ (step) one-dimensional quasi-uniform 79.2 15.2 I
flow solution
two-dimensional  Cl™ (step) one-dimensional radial flow 4.6 0.55 I
solution
Na* one-dimensional uniform flow 10° 5,600-40,000 111
(environmental) solution
two-dimensional I~ (pulse) one-dimensional radial flow 1.52 0.015 I

solution

values that do not fall into the high or low groups. These
classifications do not place strict numerical confidence limits
on reported dispersivities, but rather are intended to provide
an order-of-magnitude estimate of the confidence we place
on a given value. In general, we consider high-reliability
dispersivity values to be accurate within a factor of 2.
Low-reliability values are considered to be no more accurate
than within 1 or 2 orders of magnitude. Intermediate reliabil-
ity falls somewhere between the extremes. We wish to make
a distinction between the judgment of the reliability of the
reported dispersivity and the worth of a study. Often, the
purpose of a study was for something other than the deter-
mination of dispersivity. Our classification of dispersivity is
not intended as a judgment on the quality of a study as a
whole, but rather to provide us with some criteria with which
to screen the large number of data values obtained. By then
examining the more reliable data, conclusions which evolve
from the data will be more soundly based and alternative
interpretations may become apparent.

High-reliability dispersivity data. For a reported disper-
sivity value to be classified as high reliability, each of the
following criteria must have been met.

1. The tracer test was either ambient flow with known
input, diverging radial flow, or a two-well pulse test (without
recirculation). These three test configurations produce break-
through curves which are sensitive to the dispersion coefficient
and appear to work well in field applications [Welty and
Gelhar, 1989]. The radial converging flow test is generally
considered less satisfactory than the diverging test because
breakthrough curves at the pumping well for the converging
test frequently exhibit tailing, which complicates the interpre-
tation of these tests. Some researchers attribute this behavior
to two or more discrete geologic layers and try to reproduce the
observed breakthrough curve by superposition of break-
through curves in each layer, where the properties of each
layer may differ {e.g., Ivanovitch and Smith, 1978; Sauty,
1977]. The problem with this interpretation is that there are
typically numerous heterogeneities on a small scale that cannot
be attributed solely to identifiable layers. One possible expla-
nation of the tailing in radial convergent tests is sometimes
termed *‘borehole flushing,” where the tail of the breakthrough
curve is attributed to the slow flushing of the input slug of tracer
out of the injection borehole by the ambient groundwater flaw.
Gobler [1982] measured the slow flushing of tracer out of the
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Fig. 1.

Longitudinal dispersivity versus scale of observation identified by type of observation and type of aquifer. The

data are from 59 field sites characterized by widely differing geologic materials.

borehole and modeled the effect as an exponentially decreasing
input. His solution reproduced the tailing observed at the
pumping well. In cases where borehole flushing was observed
and accounted for, dispersivities obtained from a radial con-
vergent flow test were not excluded from the high-reliability
category.

2. The tracer input must be well defined. Both the input
concentration and the temporal distribution of the input
concentrations must be known (measured). If not, the input
is another unknown in the solution of the advection-
dispersion equation, and we are less confident in the result-
ing value of dispersivity.

3. The tracer must be conservative. A reactive or non-
conservative tracer complicates the governing equations and
resulted in additional parameters that must be estimated.
Consequently, we are less confident in the resulting disper-
sivity. Tracers such as Cl~, I, Br~, and tritium were
considered to be conservative.

4. The dimensionality of the tracer concentration mea-
surements was appropriate. A tracer introduced into an
aquifer will spread in three spatial dimensions. High-
reliability dispersivities were judged to be those where
three-dimensional monitoring was used in @l cases except
where the aquifer tracer had been injected and measured
over the full depth of the aquifer; in this case two-
dimensional monitoring was acceptable. In all other cases,
where the dimension of the measurement was either not
reported or where two-dimensional measurements were
used where three-dimensional measurements should have
been used, the dispersivity values were judged to be of lower
reliability.

5. The analysis of the concentration data was appropri-
ate. Since the interpretation of the tracer data is necessarily
linked to the type of tracer test to which the interpretation
method is applied, these two features of the field studies
were evaluated together. The three general categories of
data interpretation can be grouped as follows: (1) break-
through curve analysis, usually applied to uniform ambient
flow tests and radial flow tests [e.g., Sauty, 1980]; (2) method
of spatial moments, applied to uniform ambient flow tests
[Freyberg, 1986]; and (3) numerical methods, applied to
contamination events [e.g., Pinder, 1973; Konikow and
Bredehoeft, 1974].

A common difficnlty with the interpretation of concentrs-
tion data using breakthrough curve matching to determine
dispersivity is the assumption that the dispersivity is cor
stant. The field data assembled in this review suggest that
this assumption is not valid, at least for small-scale tests
(tens of meters). At larger scales (hundreds of meters) an
asymptotic constant value of dispersivity is predicted by
some theories. However, at most sites the displacement
distance after which the dispersivity is constant is not

TABLE 2. Numbers of Dispersivities for Different Types of
Tests and Media

Tracer Type

Media Type Artificial Contamination Environmental Totdl

Porous 68 14 6 8
Fractured 15 1 2 18
Total 83 15 8 106

—
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TABLE 3. Criteria Used to Classify the Reliability of the
Reported Dispersivity Values

Classification Criteria

High reliability Tracer test was either ambient flow, radial
diverging flow, or two-well instantaneous
pulse test (without recirculation).

Tracer input was well defined.

Tracer was conservative.

Spatial dimensionality of the tracer
concentration measurements was
appropriate.

Analysis of the tracer concentration data was
appropriate.

Two-well recirculating test with step input
was used.

Single-well injection-withdrawal test with
tracer monitoring at the single well was
used.

Tracer input was not clearly defined.

Tracer breakthrough curve was assumed to be
the superposition of breakthrough curves in
separate layers.

Measurement of tracer concentration in space
was inadequate.

Equation used to obtain dispersivity was not
appropriate for the data collected.

Low reliability

known. Data for which no a priori assumptions were made
regarding the dispersivity were considered to be highly
reliable.

A second major problem with many of the analyses
reviewed was that a one- or two-dimensional solution to the
advection-dispersion equation was used when the spreading
of the plume under consideration was three-dimensional in
nature. High-reliability dispersivities were those for which
the dimensionality of the solute plume, the solute measure-
ments, and the data analyses were consistent.

Low-reliability dispersivity data. A reported dispersivity
was classified as being of low reliability if one of the
following criteria was met.

1. The two-well recirculating test with a step input was
used. The problem with this configuration is that, except for
very early time where concentrations are low, the break-
through curve is not strongly influenced by dispersion, but
rather is determined by the different travel times along the
flow paths established by injection and pumping wells [Welty
and Gelhar, 1989]. As a result, the two-well test with a step
input is generally insensitive to dispersion. For this reason
all tests of this type were considered to produce data of low
reliability.

2. The single-well injection-withdrawal test was used
with tracer monitoring at the pumping well. A difficulty
encountered in the small-scale, single-well, injection-
withdrawal test (where water is pumped into and out of one
well) is that if observations are made at the production well,
the dispersion process observed is different from one of
unidirectional flow. The problem stems from the fact that
macrodispersion near the injection well is due to velocity
differences associated with layered heterogeneity of the
hydraulic conductivity. In the single-well test with observa-
tions made at the production well, the effect observed is that
of reversing the velocity of the water. If the tracer travels at
different velocities in layers as it radiates outward, it will
also travel with the same velocity pattern as it is drawn back
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to the production well. As a result, the mixing process is
partially reversible and the dispersivity would be underesti-
mated relative to the value for unidirectional flow. Heller
[1972] has carried out experiments which demonstrate the
reversibility effect on a laboratory scale.

3. The tracer input was not clearly defined. When a
contamination event or environmental tracer is modeled, the
tracer input (both quantity and temporal distribution) is not
well defined and becomes another unknown in solving the
advection-dispersion equation.

4. The tracer breakthrough curve was assumed to be the
superposition of breakthrough curves in separate layers
when there was little or no evidence of such layers at the
field site. These studies generally assume that the porous
medium is perfectly stratified, which, especially at the field
scale, may not be a valid assumption. At a small scale (a few
meters) where the existence of continuous layers may be a
reasonable assumption, the dispersivity of each layer does
not represent the field-scale parameter. The field-scale dis-
persivity is a result of the spreading due to the different
velocities in each layer.

5. The measurement of tracer concentration in space
was inadequate. Under ambient flow conditions the tracer is
usually distributed in three-dimensional space, but if the
measurements are two-dimensional then the actual tracer
cloud cannot be analyzed lacking the appropriate data. If the
tracer is introduced over the entire saturated thickness, then
two-dimensional measurements would be adequate.

6. The equation used to obtain dispersivity was not
appropriate for the data collected. Various assumptions
regarding flow and solute characteristics are made in obtain-
ing a solution ta the advection-dispersion equation. To apply
a particular solution to the data from a field experiment, the
assumptions in that solution must be consistent with the
experimental conditions. One common example is the case
of applying a one-dimensional (uniform velocity) flow solu-
tion to a radial flow test in which the converging (or
diverging) flow field around the pumping or injection well is
clearly nonuniform.

Results of classification. From the classification pro-
cess, 14 dispersivity values were judged to be of high
reliability. The sites where these values were determined
include Borden, Ontario, Canada; Otis Air Force Base, Cape
Cod, Massachusetts; Hanford, Washington; Mobile, Ala-
bama; University of California, Berkeley; Yavne region,
Israel; Bonnaud, France (six tests); and Palo Alto bay lands.
There were 61 values judged to be of low reliability for one
or more of the reasons discussed above; 31 sites provided
data judged to be of intermediate value. Figure 2 depicts the
longitudinal dispersivity data replotted with symbols reflect-
ing the reliability classification; the largest symbols indicate
data judged to be of highest reliability.

The general compilation of all dispersivity data in Figure 1
indicates that dispersivity might increase indefinitely with
scale, but after critically evaluating the data in terms of
reliability as shown in Figure 2, it is evident that this trend
cannot be extrapolated with confidence to all scales. The
largest high-reliability dispersivity value is 4 m (Mobile,
Alabama) and the largest scale of high-reliability values is
250 m (Cape Cod, Massachusetts). It is not clear from these
data whether dispersivity increases indefinitely with scale or
whether the relationship becomes constant for very large
scales, as would be predicted by some theories. This points
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Fig. 2. Longitudinal dispersivity versus scale with data classified by reliability.

to a need for reliable data at scales larger than 250 m.
Whether conducting controlled tracer tests at these very
large scales is feasible is open to question.

When the reliability of the data is considered, the apparent
difference between fractured and porous media at small
scales (Figure 1) is regarded to be less significant because
none of the fractured media data are of high reliability.

Reanalyses of Selected Dispersivity Data

In cases where the concentration data collected were of
bigh reliability but the method of analysis could be im-
proved, we reevaluated the data to determine a dispersivity
value which we judged to be of higher reliability. The details
of these analyses are reported by Welty and Gelhar [1989].
The results are summarized here.

Corbas, France. The data from this converging radial
flow tracer test are reported by Sauty [1977]. These data are
of particular interest because tests were conducted at three
different scales in the same aquifer material; tracer was
injected at 25, 50, and 150 m from a pumping well. Sauty
[1977] evaluated these data using uniform flow solutions to
the one-dimensional advection-dispersion equation. At the
two smaller-scale tests, he assumed a two-layer scheme,
although this assumption was not supported by geologic
evidence. For this reason the data at the smaller scales were
rated to be of lower reliability than the data at 150 m. We
reevaluated these data using a solution that accounts for
nonuniform, convergent radial flow effects and that makes
no assumptions about geologic layers [Welty and Gelhar,
1989]. The values of dispersivity reported by Sauty at 25 m are
11 m and 1.25 m for the two hypothesized layers; we calculated

a value of 2.4 m without the assumption of layers. At 50 m,
Sauty calculated dispersivity values of 25 m and 6.25 m for the
two layers; we calculate an overall value of 4.6 m. At a scale of
150 m, Sauty calculated a dispersivity value of 12.5 m without
the assumption of layers; our calculation of 10.5 m is in close
agreement. Our calculations indicate that dispersivity increases
with scale, accounting for nonuniform flow effects and without
the arbitrary assumption of geologic layers.

Savannah River Plant, Georgia. Webster et al. [1970]
evaluated data from a two-well recirculating test using the
methodology of Grove and Beetem [1971]. This analysis
assumes uniform flow along stream tubes and sums individ-
ual breakthrough curves along the stream tubes to obtain 2
composite breakthrough curve. A dispersivity value of 134m
at a scale of 538 m was obtained using this method. We
reevaluated the data using the methodology of Gelhar [1982]
which accounts for nonuniform flow effects. We obtained 2
dispersivity value of 47 m from our analysis. We have more
confidence in this value because the analysis more accu-
rately represents the actual flow configuration.

Tucson, Arizona. The data reported by Wilson [1971]for
a two-well test were also evaluated by Robson [1974] using 2
Grove and Beetem-type analysis. Wilson reported a value of
longitudinal dispersivity of 15.2 m at a scale of 79.2 m. Using
a nonuniform flow solution based on that of Gelhar [1982);
we calculated a value of longitudinal dispersivity of 1.2 m, an
order of magnitude smaller than that of Robson. Again, we
have more confidence in this value because the analysis
more accurately reflects the actual flow situation.

Columbus, Mississippi. The natural gradient tracer test
at the Columbus site (E. E. Adams and L. W. Gelhar, Ficld
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. F:ig. 3. Longitudinal dispersivity versus scale of observation with adjustments resulting from reanalyses. Arrows
indicate reported values at tails and corresponding values from reanalyses at heads. Dashed line connects two

dispersivity values determined at the Hanford site.

study of dispersion in a heterogeneous aquifer: Spatial
moments analysis, submitted to Water Resources Research,
1991; hereinafter Adams and Gelhar, submitted manuscript,
1991) is unique in that the large-scale ambient flow field
exhibits strong nonuniformity and the aquifer is very heter-
ogeneous. A superficial spatial moments interpretation, ig-
noring the flow nonuniformity, indicated a longitudinal dis-
persivity of around 70 m, whereas a more refined analysis
that explicitly includes the influence of flow nonuniformity
yields a dispersivity of around 7 m (Adams and Gelhar,
submitted manuscript, 1991). This refined estimate is re-
garded to be of intermediate reliability because of the
uncertainty regarding the mass balance at the Columbus site.

From the above reanalyses, all values of dispersivity
calculated were smaller than the original values. We have
higher confidence in these values because they are associ-
ated with solutions to the advection-dispersion equation with
more realistic assumptions. In all cases we would rate the
new values to be of intermediate reliability instead of low
reliability. The reevaluated data are shown as solid symbols
on Figure 3 connected to their original values by vertical
arrows.

Based on the above reanalyses, we suspect that it is most
likely that improved analyses would reduce many of the
lower-reliability dispersivities in Figure 2. However, there
are a few cases for which more appropriate observations
and/or interpretations would most likely lead to larger dis-
persivities. For example, the Twin Lake natural gradient
tracer test [Moltyaner and Killey, 1988a, b] was interpreted
by using breakthrough curves at individual boreholes con-

structed as the average of breakthrough curves in three
somewhat arbitrarily defined layers. We suspect that this
kind of localized observation will produce a significantly
lower dispersivity than would result from a spatial moments
analysis which considers the overall spreading of the plume.
The magnitude of the possible increase in the dispersivity
cannot be assessed because the sampling network did not
completely encompass the plume at the Twin Lake site.

Another example is that of the first Borden site natural
gradient experiment [Sudicky et al., 1983] which was ana-
lyzed using an analytical solution with spatially constant
dispersivities. In the near-source region where dispersivities
are actually increasing with displacement, this approach will
tend to underestimate the magnitude of the dispersivity.
Gelhar et al. [1985] reanalyzed the first Borden experiment
using the method of spatial moments and found that the
longitudinal dispersivity at 11 m was 2—4 times that found by
Sudicky et al. [1983]. The resulting increase in the dispersiv-
ity is illustrated in Figure 3 connected to the original point by
a vertical line. Because of the incomplete plume sampling
and plume bifurcation in this test (only the **slow zone'’ was
analyzed), this point is still regarded to be of intermediate
reliability.

Dispersivities at small displacements will also be underes-
timated if based on breakthrough curves measured in local-
ized samplers in individual layers. Such effects are likely, for
example, in the Perch Lake [Lee ef al., 1980] and Lower
Glatt Valley [Hoehn, 1983] interpretations. Later interpreta-
tion of the Lower Glatt Valley data using temporal moments
[Hoehn and Santschi, 1987] shows values an order of
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magnitude larger; these are connected with the original
values by vertical lines in Figure 3.

As a further illustration of the uncertainty in the longitu-
dinal dispersivity values in Figure 2, consider the data for the
Hanford site. The tracer test [Bierschenk, 1959; Cole, 1972]
interpreted from breakthrough curves at two different wells
at roughly the same distance (around 4000 m) from the
injection point produced values differing by 2 orders of
magnitude (see dashed line in Figure 3). This difference
illustrates the difficulty in interpreting point breakthrough
curves in heterogeneous aquifers, even at this large displace-
ment. The numerical simulations of the contamination plume
[Ahlstrom et al., 1977] extending to 20,000 m used a disper-
sivity of 30.5 m (100 feet) as identified by the bold arrow in
Figure 3. Evidently this round number (100 feet) was popular
in several different simulations of contaminant plumes.

In none of the cases of simulations of contamination events
is there any explicit information on how the dispersivity values
were selected or in what sense the values may be optimal.
Consequently it is not possible to quantify the uncertainty in
dispersivity values based on contamination event simulations.
However, experience suggests that, because of the possible
tendency to select large dispersivities which avoid the numer-
ical difficulties associated with large grid Peclet numbers, some
of the dispersivity values based on contaminant plumes are
likely to be biased toward higher values. Such overestimates
would occur mainly at larger scales.

The results of these reanalyses provide an explicit indica-
tion of the uncertainty in the dispersivity values in Figure 2
and suggest that for large displacements the low-reliability
dispersivities are likely to decrease whereas for small dis-
placements some increases can be expected.

Transverse Dispersivities

Although the data on transverse dispersivity are much more
limited, they reveal some features which are important in
applications. The data on horizontal and vertical transverse
dispersivities are summarized in Figures 4 and 5, which show
these parameters as a function of scale of observation. The data
are portrayed in terms of reliability classification with the
largest symbols identifying the high-reliability points.

In the case of the horizontal dispersivity, there appears to
be some trend of increasing dispersivity with scale but this
appearance results from low-reliability data which finds their
origin largely in contaminant event simulations using two-
dimensional depth-averaged descriptions. In these contami-
nation situations the sources are often ill-defined; if the
actual source area is larger than that represented in the
model there will be greater transverse spreading which
would incorrectly be attributed to transverse dispersion.

In the case of vertical transverse dispersion (Figure 5), the
data are even more limited and certainly do not imply any
significant trend with overall scale. Note that there are only
two points of high reliability, those corresponding to the
Borden [Freyberg, 1986] and Cape Cod [Garabedian et al.,
1988, 1991] sites. The estimate of the vertical transverse
dispersivity for the Borden site is from the recent three-
dimensional analysis of Rajaram and Gelhar [1991]. The
vertical transverse dispersivity is seen to be much smaller
than the horizontal transverse dispersivity, apparently re-
flecting the roughly horizontal stratification of hydraulic
conductivity encountered in permeable sedimentary materi-
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Fig. 4. Horizontal transverse dispersivity as a function of obser-
vation scale.

als. All of the vertical dispersivities are less than 1 m and
high-reliability values are only a few millimeters, this being
the same order of magnitude as the local transverse disper-
sivity for sandy materials.

The ratio of longitudinal dispersivity to the horizontal and
vertical transverse dispersivities is shown in Figure 6. This
form of presentation is used because it is common practice o
select constant values for the ratio of longitudinal to trans-
verse dispersivities. For one thing, this plot illustrates the
popularity of using, in numerical simulations, a horizontal
transverse dispersivity which is about one third of the
longitudinal dispersivity (the horizontal dashed line in Figure
6). There does not appear to be any real justification for
using this ratio. We are not aware of any simulation work
which systematically demonstrates the appropriateness of
this value for the horizontal transverse dispersivity. The two
high-reliability points show an order ‘of magnitude higher
ratio of longitudinal to horizontal transverse dispersivities.
The vertical dashed lines in Figure 6 are used to identify
three-dimensionally monitored sites for which all three prin-
cipal components of the dispersivity tensor have been esti-
mated. In all of these cases, the vertical transverse disper-
sivity is 1-2 orders of magnitude smaller than the horizontal
transverse dispersivity. This behavior further emphasizes
the small degree of vertical mixing which is frequently
encountered in naturally stratified sediments. This small
degree of vertical mixing is clearly an important consider-
ation in many applications, such as the design of observation
networks to monitor contamination plumes and the develop
ment of remediation schemes. Consequently, in order
model many field situations realistically, it will be necessary
to use three-dimensional transport models which adequately
represent the small but finite vertical mixing.
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INTERPRETATIONS

This review of field observations of dispersive mixing in
aquifers demonstrates several overall features which are
evident from the graphical and tabular information devel-
oped here. Taken in aggregate, without regard for reliability,
the data indicate a clear trend of systematic increase of
longitudinal dispersivity with scale. In terms of aquifer type
(porous versus fractured media) the data at smaller scale
may seem to be higher for fractured media but, in view of the
lower reliability of the fractured media data, this difference is
of minimal significance.

When the data on longitudinal dispersivity are classified
according to reliability, the pattern regarding scale depen-
dence of dispersivity is less clear (see Figure 2). There are no

high-reliability points at scales greater than 300 m and the
high-reliability points are systematically in the lower portion
of the scattering of data. The lack of high-reliability data at
scales greater than 300 m reflects the fact that the data
beyond that scale are almost exclusively from contamination
simulations or environmental tracer studies for which the
s‘olute input is typically ill-defined. Because of the very long
period of time required to carry out controlled input tracer
experiments at these larger scales, such experiments have
not been undertaken.

Although the data shown in Figure 2 suggest that some
overall trend of increasing dispersivity with scale is plausi-
ble, it does not seem reasonable to conclude that a single
universal line [Neuman, 1990] can be meaningfully identified
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Fig. 6. Ratio of longitudinal to horizontal and vertical transverse disp?rsivilics; largest s_ymbols_ are high reliability
and smallest symbols are low reliability. Vertical dashed lines connecting two points l.ndlg:at&_: sites whgre all three
principal components of the dispersivity tensor have been measured. Horizontal dashed line indicates a ratioof Ay /Ay
= 1/3, which has been widely used in numerical simulations,
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by applying standard linear regression to all of the data.
Rather we would expect a family of curves reflecting differ-
ent dispersivities in aquifers with different degrees of heter-
ogeneity. At a given scale, the longitudinal dispersivity
typically ranges over 2-3 orders of magnitude. This degree of
variation can be explained in terms of the established sto-
chastic theory [e.g., Gelhar and Axness, 1983; Dagan, 1984]
which shows that the longitudinal dispersivity is propor-
tional to the product of the variance and the correlation scale
of the natural logarithm of hydraulic conductivity. A compi-
lation of data on these parameters [Gelhar, 1986] shows that
they vary over a range that can easily explain the range of
variation in Figure 2. The theoretical results for the devel-
oping dispersion process [Gelhar et al., 1979; Dagan, 1984;
Gelhar, 1987; Naff et al., 1988] show that the longitudinal
dispersivity initially increases linearly with displacement
distance and gradually approaches a constant asymptotic
value [see Gelhar, 1987, Figure 9]. One could visualize the
behavior of Figure 2 as being the result of superimposing
several such theoretical curves with different parameters
characterizing aquifer heterogeneity.

The results of reanalyses for several of the individual sites
serve to illustrate explicitly the uncertainty involved in the
estimates of longitudinal dispersivity. The reanalyses indi-
cate that, for the most part, improved analysis will lead to
decreases in the longitudinal dispersivity except possibly for
very small displacements where limited localized sampling
can produce underestimates of the bulk spreading and mix-
ing. In cases where the dispersivity estimates were based on
numerical simulations of contamination events, the degree of
uncertainty is likely large and ill-determined, but bias in some
of the estimates toward the high side seems most likely.

From an applications perspective, the information assem-
bled here should serve as a strong cautionary note about
routinely adopting dispersivities from Figure 2 or a linear
regression representation through the data. We feel that the
preponderance of evidence favors the use of dispersivity
values in the lower half of the range at any given scale. If
values in the upper part of the range are adopted, exces-
sively large dilution may be predicted and the environmental
consequences misrepresented. In the case of transverse
dispersivities, it is particularly important to recognize the
very low vertical transverse dispersivities that have been
observed at several sites. As a result, many contamination
plumes will exhibit very limited vertical mixing with high
concentrations at a given horizon. The recognition of such
features is of obvious importance in designing monitoring
schemes and implementing aquifer remediation. Horizontal
transverse dispersivities are typically an order of magnitude
smaller than the longitudinal dispersivity whereas vertical
transverse dispersivities are another order of magnitude lower.

From a research perspective, the data reviewed here
suggest a need for some skepticism regarding ‘‘universal”
models which represent the scattered data of varying reli-
.ability by a single straight line. The presumption of such a
universal model ignores the fact that different uquifers will
have different degrees of heterogeneity at a given scale. The
data suggest that there is a scale dependence of longitudinal
dispersivity but reliable data must be developed at larger scales
in order to establish the nature of the dependence. Clearly,
there is a need for very large scale, long-term, carefully
planned experiments exiending to several kilometers.
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