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Abstract. The field-scale transport of natural organic matter (NOM) was examined in a
two-well forced gradient injection experiment in a sandy, coastal plain aquifer in
Georgetown, South Carolina. Spatial moments described the migration of the center of
mass of NOM and conservative tracer. Temporal moments were used to estimate mass
loss and retardation of the NOM along a transect of six sampling locations at two depths
and at the withdrawal well. Large differences were observed in transport behavior of
different subcomponents of NOM. Larger and more strongly binding NOM components in
the injection solution are postulated to adsorb and displace weakly binding, low-molecular
weight NOM in groundwater. Conversely, NOM components that were similar to the
groundwater NOM were transported almost conservatively, presumably due to
‘‘passivation’’ of the aquifer by previously adsorbed components of the groundwater NOM.
NOM may thus exhibit two types of effects on contaminant dynamics in the subsurface.
When the equilibria between solution and solid phase NOM is disrupted by introduction
of a novel source of NOM, descriptions of the multicomponent transport process are
complex and predictive modeling is problematic. Because of the differences in transport
behavior of NOM subcomponents, the chemical properties and, more importantly, the
functional behavior of NOM with respect to contaminant migration will vary with time
and distance along a flow path. However, when groundwater NOM exists at a steady state
with respect to adsorption on aquifer surfaces, the migration of NOM, and the
contaminant-NOM complex, may be approximated as the transport of a conservative
solute.

Introduction

In August–September 1992, we conducted a forced gradient
injection of natural organic matter (NOM) at a well-
characterized field site in a sandy Atlantic coastal plain aquifer
in Georgetown, South Carolina [Mas-Pla, 1993; Yeh et al.,
1995]. The overall goal of this research is to understand, and to
develop a capability to predict, the transport of NOM. The
motivation for studying NOM transport derives from its po-
tential effect on the subsurface transport of contaminants, in-
cluding metals and radionuclides as well as higher molecular-
weight organic contaminants [McCarthy and Zachara, 1989].
Laboratory studies have demonstrated that NOM can affect
contaminant mobility by enhancing transport of contaminants
that bind to mobile NOM in groundwater [Dunnivant et al.,
1992b; Magee et al., 1991]. Conversely, contaminants may be
further retarded if the NOM introduced to an aquifer adsorbs
to the solid phase and thereby increases its affinity to bind
contaminants [Zsolnay, 1993; Murphy et al., 1994]. NOM can

also have an indirect influence on contaminant migration
through its effect on the colloidal stability of inorganic colloids.
Adsorption of NOM can promote the mobilization [Ryan and
Gschwend, 1990] and stability [Amirbahman and Olson, 1993]
of colloids within an aquifer and thereby potentially facilitate
the transport of contaminants adsorbed on the mobile colloids.
Although these laboratory studies are important to understand
the adsorption of NOM on model minerals and aquifer sedi-
ments, field-scale transport experiments are necessary to reveal
‘‘ground truth’’ which tests understanding of NOM transport
and its potential role in contaminant transport.
Specific objectives of this field experiment were to determine

the extent to which the field-scale transport of NOM conforms
to behavior predicted from laboratory understanding. NOM
was hypothesized to be transported as a multicomponent mix-
ture. Adsorption was postulated to decrease over time as aqui-
fer surfaces became covered by adsorption of NOM. Desorp-
tion was predicted to be limited, especially for NOM
components with a high affinity for aquifer sites. We also
wished to evaluate the appropriateness of simple models to
describe the transport of NOM. Another objective of the field
research was to focus laboratory investigations on key pro-
cesses controlling transport behavior in natural subsurface sys-
tems. Discrepancies between laboratory predictions and field
observation may point out additional processes that were not
previously hypothesized to be critical to transport.
A previous injection of NOM in 1990 at an adjacent field site

clearly demonstrated preferential transport of some NOM sub-
components [McCarthy et al., 1993]. However, owing to limited
information on the flow field [Mas-Pla et al., 1992], it was not
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possible to reliably estimate the extent of retardation of the
injected NOM and the amount of mass lost due to adsorption.
Likewise, issues of kinetic limitations and changes in adsorp-
tion over time could not be resolved with any confidence [Mc-
Carthy et al., 1993]. Furthermore, in 1990 there was no attempt
to remove dissolved oxygen (DO) from the NOM solution that
was injected into the suboxic, Fe(II)-rich aquifer, and precip-
itation of iron-(hydr)oxides from Fe(II) [Liang et al., 1993a, b]
may have created new surfaces for the adsorption of NOM
during that experiment. To overcome these obstacles, in the
1992 experiment described here, dissolved oxygen was re-
moved from all solutions injected into the aquifer. The site was
also extensively characterized with respect to the three-
dimensional spatial distribution of hydraulic conductivity to
reduce uncertainty arising from hydrologic heterogeneity
[Mas-Pla, 1993; Yeh et al., 1995]. Nonreactive tracer tests dem-
onstrated that a three-dimensional finite element model for
flow and transport based on the extensive hydraulic conductiv-
ity data set adequately reproduced the flow field. Further, our
prior simulations indicated that information was needed on
both the behavior of the centers of mass of the nonreactive
tracer and the NOM, as well as more detailed histories of the

concentration and composition of mobile NOM at monitoring
wells. The migration of the plume of NOM and the conserva-
tive tracer was measured at 128 sampling locations and de-
scribed using spatial moments analysis. Concentration histories
and the size distribution of NOM were measured for a transect
of six sampling locations at two depths and at the withdrawal
well, and temporal moments were used to estimate mass loss
and retardation of the NOM. The integrated behavior of the
plume is represented by the breakthrough curves observed at
the withdrawal well.

Methods and Materials
Description of the field experiment. A detailed description

of the field site for the two-well forced gradient experiment is
presented in previous papers [Williams and McCarthy, 1991;
McCarthy et al., 1993; Mas-Pla, 1993; Yeh et al., 1995]. Figure 1
depicts the location of the injection and withdrawal wells (IW
2 and WW, respectively) and the sampling wells. A multilevel
sampling assembly with O-ring packers was inserted into each
fully screened sampling well (numbered 1–32; Figure 1) to
permit sampling at five depths in each well. A forced gradient

Figure 1. (top) Plan view of experimental site and (bottom) a cross section of point breakthrough sampling
locations.
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was established by injecting groundwater from a supply well
located approximately 100 m from the injection well, while
water from the withdrawal well was discarded downgradient.
After a steady state flow regime was established, simulta-

neous injection of chloride and NOM for 659 hours was initi-
ated, followed by injection of the groundwater from the supply
well to maintain the hydrologic gradient until the end of the
experiment at 43 days. The source of the NOM was a wetlands
pond draining a mixed hardwood forest near the site. The
‘‘brown water’’ contains high levels of NOM (66 mg C L21). Its
chemical properties and adsorption behavior are described by
Gu et al. [1994, 1995]. In brief, the Fourier transform infrared
(FTIR) and nmr spectra of the NOM resemble those of humic
substances found in aquatic systems and soil fulvic acids
[Stevenson and Goh, 1971; Thurman, 1985]. The NOM is rich in
O-containing functional groups such as -COOH and -OH, and
its adsorption behavior is similar to Swannee River fulvic acid
[Gu et al., 1994]. The pond water was transferred to a Viton-
lined enclosure at the injection site and was recirculated con-
tinuously before and during the injection. Prior to being in-
jected, the ‘‘brown water’’ from the pond was diluted by mixing
in-line with an equal volume of groundwater from the supply
well. The chemical composition of the NOM injection solution
is similar to that of the groundwater at the injection site (Table
1a), although the groundwater was somewhat higher in cal-
cium, alkalinity, and pH. Mechanical problems with valves
resulted in occasional ‘‘spikes’’ in the NOM concentration.
Chloride was mixed in-line using a metering pump, but me-
chanical problems with pumps resulted in erratic levels of
chloride in the injection solution [Yeh et al., 1995]. All solutions
entering the injection well were filtered through a series of
filters to a final membrane filter with a 0.2-mm pore size (Wa-
ter Equipment Technology, West Palm Beach, Florida) and
then oxygen was removed using a air stripper constructed of
8-inch-diameter PVC pipe containing a 65-inch length of plas-
tic Koch/Sultzer structured packing (Koch Engineering, Wit-
chita, Kansas). Nitrogen gas was introduced at a flow rate of
approximately 10 L min21 into the bottom of the stripper
column while water flowed down the packing at a rate of
approximately 3 L min21. Filtered, oxygen-depleted water was
then injected into the well. The air stripper was successful in

reducing the levels of DO in the injection solution from satu-
ration to ,0.4 mg L21 (Table 1b). The DO levels in the point
sampling wells and the withdrawal well remained very low
(,10 mg L21) throughout the experiment, except at the two
closest wells at the 2.6-m depth (Table 1b).
Eighteen concentration ‘‘snapshots’’ of the three-dimen-

sional plume of NOM and chloride were sampled in 128 mul-
tilevel sampling ports. A vacuum manifold system sampled all
ports within a 20-min period, and each snapshot was consid-
ered instantaneous. In addition, continuous breakthrough data
were also collected at the withdrawal well and at six sampling
wells in a transect between the injection and withdrawal wells
(wells 6, 13, 21, and 28 at 2.6 m depth, and wells 21 and 28 at
2.0 m depth; Figure 1). Groundwater from these sampling
ports was collected using a peristaltic pump at a flow rate of 50
mL min21. Polyethylene capillary tubing inside the well was
connected at the wellhead to 0.63-cm OD Tygon tubing which
was wrapped in latex rubber tubing to minimize diffusion of
oxygen and prevent precipitation of ferric oxide artifacts. The
latex-coated sample lines were also encased in two thicknesses
of neoprene pipe insulation to minimize temperature changes
during collection of the sample.
Analyses of groundwater samples. Water quality parame-

ters were measured before water contacted the atmosphere.
Specific conductance, pH, and electrode potential were mea-
sured by immersing the probes in a narrow funnel connected to
the sample line so that fresh sample contacted the probes and
overflowed the funnel. DO was measured using CHEMetric
ampules (CHEMetrics, Inc., Calverton, Virginia). Samples for
NOM analyses were preserved with HNO3 to pH 2.3. NOM
concentrations were measured using a Shimadzu Model 5000
high-temperature combustion total organic carbon analyzer,
and concentrations are reported as mg C L21. Chloride was
measured using a Technicon Autoanalyzer.
For analysis of different size fractions of NOM, water was

filtered on-line using Amicon Spiral Filters (3000 and 100,000
Dalton molecular weight). Filters were purged with nitrogen
and connected in-line to the groundwater sampling tubes.
Samples were collected and analyzed as described previously
[McCarthy et al., 1993].

Modeling Approach
The extensive hydrological site characterization [Mas-Pla,

1993; Yeh et al., 1995] indicated a complex hydrological heter-
ogeneity at the 5 m 3 5 m experimental site for the tracer test.
Yeh et al. [1995] demonstrated that a fully three-dimensional

Table 1a. Aqueous Chemistry of Groundwater and NOM
Injection Solution

Chemical
Measured

Groundwater
mg L21

NOM Injection
Solution,
mg L21

Alkalinity 132 ,20
Ca 30 13
Cd 0.002 0.001
Cl 17 25
Cu 0.25 0.25
F 0.6 0.5
K 0.7 0.7
Mg 1.2 1.3
Na 10 10
Pb 0.032 0.007
SO4 13 ,5
Zn 0.01 0.02
NO3 ,0.1 0.2
pH 8.0 7.1
Turbidity 0.17 0.19
Total solids 173 200

Table 1b. Dissolved Oxygen Levels During the NOM
Injection

Well
Depth,
m

Distance,
m

Dissolved
Oxygen,
mg L21

Injection z z z 0.0 387.4 6 41.8
28 2.6 1.0 256.06 61.7
21 2.6 2.0 215.56 91.4
13 2.6 3.0 6.16 5.2
6 2.6 4.0 3.16 2.5
28 2.0 1.0 3.26 2.6
21 2.0 2.0 2.26 0.7
WW z z z 5.0 1.72 6 0.45
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flow and solute transport model (MMOC3 [Srivastava and Yeh,
1992]) along with the three-dimensional hydraulic conductivity
information are necessary to reproduce the complex pattern of
the chloride plume at the experimental field site. Because
mechanical problems described above, input concentrations
were different for chloride and NOM [Yeh et al., 1995], making
it difficult to use the actual chloride plume as a reference for
understanding the rates of transport and mass loss of NOM in
the aquifer. We therefore simulated the plume of a conserva-
tive tracer originating from an identical step input as the in-
jected NOM so that the adsorptive behavior of NOM could be
compared with the nonreactive solute. The simulation followed
the approach described by Yeh et al. [1995], and the variable
input concentration of NOM was included in the time-
dependent concentration boundary defined at the injection
well.

Analysis of spatial moments and retardation. Spatial ze-
roth and first moments of the eighteen snapshots of the three-
dimensional plumes of chloride and NOM were analyzed. The
procedure for the moments analysis is identical to that by Yeh
et al. [1995]. Briefly, the zeroth moment represents the mass of
the three-dimensional plume at a given observation time, and
the first spatial moment provides the coordinates ( xc, yc, and
zc) of the center of mass in the aquifer. It should be pointed
out that large sampling errors are expected in this analysis due
to field heterogeneity, insufficient sampling network, interpo-
lation and extrapolation schemes, etc. This type of error has
been reported in other well-known field-scale tracer experi-
ments such as Borden, Cape Cod, and Columbus; detailed
discussions are available from Rajaram and Gelhar [1991] and
Boggs and Adams [1992].
An empirical or apparent retardation of NOM, R*, is de-

Figure 2. Observed NOM distribution in a cross section along the coordinate Y 5 3.2 m (Figure 1) at
different observation times. Contour lines are given in mg C L21 and contour line equidistance is 5 mg C L21.
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fined as the ratio of the average travel times, t̄ , of the observed
NOM and simulated chloride plumes, based on their temporal
moments [Roberts et al., 1986]:

R* 5 t̄NOM/ t̄Cl2 (1)

R* does not assume sorption equilibrium and is dependent on
the relative rates of hydrological and chemical processes. The
mean average travel time, t̄, is calculated as the mean of the
breakthrough concentrations of NOM or chloride:

t̄ 5 S O
i51

n

Cit iDYS O
i51

n

CiD (2)

where Ci is the concentration (above background) at the sam-
pling time t i. Since the time span for the step input is relatively
large, the mean travel times must be corrected by subtracting
the mean time of the correspondent step input [Valocchi,
1985]:

t̄A 5 t̄A~btc! 2 t̄A~input! (3)

where for the solute A, t̄A(input) and t̄A(btc) are the centers of
mass of the step input and observed breakthrough curve, re-
spectively.

Results and Discussion
General behavior of the NOM plume. A cross section (at

y 5 3.2 m) of the NOM distribution is plotted in Figure 2 for
12 different observation times. As expected, NOM migration,
like that of the nonreactive tracer, was controlled by the hy-
drologic characteristics of the site. For example, the concen-
tration front moved faster through the bottom layers, and the
top central areas of low conductivity [Yeh et al., 1995] retarded
the movement and produced a lateral spread of the solute
[Mas-Pla, 1993].
The concentration histories of NOM at the withdrawal wells

and at the four sampling points at the 2.6-m depth are shown
in Figure 3, and data for the two sampling points at the 2.0-m
depth are shown in Figure 4. NOM breakthrough curves ex-
hibit expected behavior: at progressively more distant wells

Figure 3. (a) Concentration histories of NOM at the 2.6-m depth for the injection solution, the sampling
points located 1, 2, 3, and 4 m from the injection point (wells 28, 21, 13, and 6, respectively; Figure 1), and the
withdrawal (WW) well located 5 m from the injection well. (b) The initial 200 hours of the breakthrough curve.
(c) The decrease in NOM concentration when the source was changed from the NOM solution to the
groundwater with low levels of NOM at 659 hours.
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within the same layer, arrival times are later and peaks are
broader and flatter. NOM arrival is delayed, and the concen-
tration of NOM is substantially lower, in wells at the 2.0-m
depth (Figure 4) than in wells equally distant at the 2.6-m
depth (Figure 3). The slower arrival is related to the slower
flow rates in the 2.0-m layer. The lower concentration may be
caused by the greater adsorptive capacity of the aquifer mate-
rial at the 2.0-m depth [McCarthy et al., 1993]. However, the
lower NOM levels may also be due to greater hydrodynamic
dispersion; the dispersion may arise more from the larger de-
gree of spatial variability in hydraulic conductivity in this layer
than the effect of the lower velocity [Yeh et al., 1995]. When the
NOM injection was terminated at 659 hours, the concentration
of NOM declined rapidly.
Comparison of the observed NOM and the simulation of a

nonreactive tracer with the same step input form as the NOM
(Figure 5) illustrates adsorptive losses of NOM along the flow
path (decrease in the height of the NOM plateau relative to
chloride), and a ‘‘smoothing’’ of the breakthrough curves for
the reactive tracer (the conservative tracer clearly tracks the

input concentration peaks, whereas not all of them are recog-
nized in the NOM curves). NOM desorption curves at all wells,
but especially at 2.6-m depth in wells 28, 21, and 13, are close
to those of the conservative solute, suggesting that NOM de-
sorption is limited.
The cumulative concentrations of the simulated conservative

tracer and observed NOM are compared in Figure 6. The angle
of separation of the observed NOM data from the 1:1 line
represents the cumulative adsorbed concentration (i.e., the
amount of NOM removed from solution, relative to the con-
servative tracer concentration). The amount of NOM retained
by the aquifer increases with distance from the source. It is also
significant that slopes of the observed NOM tend to increase
slightly (i.e., toward the 1:1 dotted line), indicating a decrease
in adsorption over time. The smaller slope (greater adsorbed
mass) at 2.0-m depth than at 2.6 m is consistent with the larger
adsorption capacity at this layer.
The change in adsorption behavior over time and distance

can also be illustrated by comparing the observed data with a
model simulation that assumes that the aquifer is homoge-

Figure 4. (a) Concentration histories of NOM at the 2.0-m depth for the injection solution and the sampling
points located 1 and 2 m from the injection point (wells 28 and 21, respectively). (b) The initial 200 hours of
the breakthrough curve. (c) The decrease in NOM concentration when the source was changed from the NOM
solution to the groundwater with low levels of NOM at 659 hours.

MCCARTHY ET AL.: MOBILITY OF NATURAL ORGANICS1228



neous with respect chemical properties and treats NOM as a
single compound without consideration of it chemical hetero-
geneity. The three-dimensional simulation approach was em-
ployed for the simulation of NOM transport, with a chemical
sorption model previously used to describe NOM transport
[Jardine et al., 1992; Mas-Pla, 1993] included in the numerical
model. The amount of NOM adsorbed to the aquifer was
modeled by a two-site sorption: Type 1 sites are assumed to be
instantaneous and reversible, while type 2 sites follow revers-
ible first-order kinetics with respect to the adsorbed solute
mass [Cameron and Klute, 1977]. The velocity field and bound-
ary and initial conditions were identical to that of the simula-
tion for chloride during August–September 1992 [Yeh et al.,
1995] (see Mas-Pla [1993] for details), except that the NOM
injection concentration (Figure 3) was used at the injection

Figure 5a. Observed NOM concentration histories (solid circles) and simulated breakthrough for a conser-
vative tracer with an identical step input form as the NOM injection (curve) for the six point breakthrough
sampling locations.

Figure 5b. Same as Figure 5a, except for the withdrawal well.
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well. The model was calibrated to fit the observed NOM break-
through data at well 28, 2.6-m depth. The adsorption and
desorption rate coefficients selected to represent the break-
through at that location were then used to simulate break-
through at all the other wells.
As a first approximation, the two-site adsorption model re-

produced the shape of the breakthrough curves reasonably
well (Figure 7). For example, curves at 2.6-m depth in wells 28
and 21 have their adsorption and desorption limbs and plateau
correctly represented. For the first 200 hours, observed and
simulated curves were also acceptable at wells 13 and 6 and the
withdrawal well. However, it is the pattern of discrepancies
between the observed data and the model that reveal some
interesting features of NOM transport that are independent of
the values of the coefficients used in the simulations. Differ-
ences between observed and simulated curves indicate that a
single set of coefficients is not able to simulate each one of the
observed curves at 2.60-m depth. For example, the height of

Figure 6a. Cumulative concentration of the conservative tracer versus the cumulative concentration of the
observed (solid circles) and simulated (solid line) NOM at the six point breakthrough sampling locations.

Figure 6b. Same as Figure 6a, except for the withdrawal well.
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the plateau is increasingly underestimated with distance, even
though the ascending limb of the curve was correctly simulated
in all sampling points at 2.6-m depth and the withdrawal well,
suggesting that a change of the adsorption parameters oc-
curred with time. The same set of coefficients overestimates
breakthrough in both sampling ports at the 2.0-m depth, espe-
cially at early times. This result would be anticipated based on
laboratory isotherms indicating the greater adsorption capacity
of this layer.
Comparison of the simulated and observed cumulative con-

centrations (Figure 6) also illustrates a decrease in observed
adsorption over time. The observed cumulative concentrations
at the more distant wells deviate in the direction of the 1:1 line
from the simulation that assumes constant adsorption. The
pattern is particularly clear in the withdrawal well, which pro-
vides a more integrated representation of the transport pro-

Figure 7a. Observed (solid circles) and simulated (solid line) NOM breakthrough curves at 2.6-m depth
(four upper graphs) at 1, 2, 3, and 4 m from the injection well and 2.0-m depth (two lower graphs) at 1 and
2 m from the injection well. The values of the coefficients are k1 5 0.75 3 1023 min21, k2 5 0.10 3 1024

min21, and k3 5 0.65.

Figure 7b. Same as Figure 7a, except at the withdrawal well.
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cess. The decrease in the extent of adsorption over time, which
is also suggested by the small but consistent increase in the
solution-phase mass of NOM in the domain over time (zeroth
spatial moment, Figure 8), is attributed to binding sites on
aquifer surfaces gradually becoming saturated as NOM sub-
components with high binding affinity adsorb and displace less
strongly bound subcomponents (see below).
Although the two-site model appeared to represent the ob-

served breakthrough of NOM reasonably well over the short
distances, the results of this study demonstrate that such sim-
ple approaches to modeling NOM transport are inherently
inadequate. As will be discussed, NOM is a multicomponent
mixture and different subcomponents exhibit markedly differ-
ent transport properties, and this complexity cannot be repre-
sented in models that treat NOM as a single solute.
Moments analysis. Using data from the 18 ‘‘snapshots’’ of

the NOM plume, the spatial moments provide an integrated
perspective of the migration of the three-dimensional plumes
of conservative tracer and NOM (Figure 8). Of greatest inter-
est are the zeroth and first moments of the plumes, which focus
on the total solution-phase mass, and the movement of the
apparent center of mass along the x axis between the injection
and withdrawal wells, respectively.
The mass of NOM in the domain became approximately

constant much sooner (at ;60 hours) than the conservative
tracer (at 100 hours). Ideally, a constant mass is reached when
the input mass injected in the domain equals that leaving it
through its boundaries. The leveling of NOM mass indicates
that an additional removal mechanism, adsorption, signifi-
cantly controlled its distribution, although errors in the simu-
lation of the conservative tracer through the boundaries may

also contribute to the mass difference. The mass of solution-
phase NOM increases slightly over time, compared with the
constant mass of chloride, suggesting that the extent of adsorp-
tion decreases during the injection period.
Adsorption is also attributed for the eventual retardation of

NOM center of mass moving between the injection and with-
drawal wells, as indicated by the analysis of the first moment
(Figure 8). At early times, however, both the NOM and con-
servative tracer moved together along the x direction. At 38
hours, the NOM center of mass even appears slightly ahead of
the chloride, although this may result from computational ap-
proximations. Nevertheless, the trend indicates that adsorption
did not significantly retard the movement of the center of mass
during this early period, when the plume was located in the
region of maximum flow velocity. After 60 hours, the location
of the center of mass of both plumes begins to differentiate,
with the NOM retarded 0.5-m behind that of the conservative
tracer. This initial conservative movement of NOMmay reflect
slow adsorption kinetics but are postulated to be due primarily
to differences in transport behavior of NOM subcomponents,
as will be discussed below.
The spatial moments of the observed chloride and NOM

plumes were analyzed [Mas-Pla, 1993], and the pattern was
similar to that seen with the simulated chloride. The displace-
ment of both solutes was similar at early times, with faster
movement of chloride afterward.
Breakthrough curves from the six sampling wells and the

withdrawal well were analyzed by temporal moment analysis to
estimate percentage of mass lost and the apparent retardation
of NOM (Table 2). These parameters were calculated over the
first 1200 hours of the test. In addition, the apparent retarda-

Figure 8. Comparison of the spatial moments of the observed NOM and the simulated plume of conser-
vative tracer. The top left panel is the zeroth moment, or total mass versus time; the remaining panels are the
location of the center of mass ( xc, yc, zc, respectively) versus time. The injection well is located at coordinates
(7.0, 3.5), and the withdrawal well is located at (2.0, 3.5)(m).
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tion of NOM was calculated over the adsorption limb only (660
hours), because of chloride simulation was particularly well
reproduced in this portion of the curve [Yeh et al., 1995].
The mass of NOM arriving at monitoring wells (area under

the breakthrough curve) decreases with distance from the in-
jection source due to adsorptive losses, and mass losses are
significantly greater in the 2.0-m depth (Table 2). Apparent
retardation, R*, is relatively small in all the wells but is no-
ticeably greater at well 28. Similar values of R* were obtained
when only the adsorption limb of the curve was considered.
Thus the transport behavior of the bulk NOM is characterized
by significant losses of mass, yet with relatively little retarda-
tion. The greater retardation at well 28 may be caused by the
creation of adsorption sites in a small portion of the aquifer
close to the injection well. Even the relatively low concentra-
tions of DO in the injection solution (Table 1b) can promote
the slow oxidation of Fe(II) and precipitation of Fe(III)-oxide
[Liang et al., 1993a, b] which may have enhanced adsorption
and increased retardation in a localized region.
Transport of NOM subcomponents. The NOM injection

solution and groundwater contained significantly different pro-
portions of the different NOM size fractions. Virtually all of
the groundwater NOM was in the,3000 molecular weight size
fraction, whereas most of the NOM injection solution was in
the 3000–100,000 fraction (Table 3). There were significant
differences in the relative mobility of ,3000 and 3000–100,000
fractions arriving at the withdrawal well (Figure 9) well as the
other monitoring wells (Figure 10). The breakthrough curve
areas, mean arrival times, and apparent retardation factors
were calculated (Table 4). Key observations include the fol-
lowing:

1. The ,3000 fraction appears to be transported almost
conservatively during the NOM injection, with a plateau sim-
ilar to that for the conservative tracer (Figure 9). Although the
calculated mass area arriving at the withdrawal well suggests
that there was a significant loss of the ,3000 NOM (Table 4),
that result may be influenced by the sparse sampling of the size
fractions, which missed many of the input concentration peaks
that were included by the chloride simulation. The similarity in
the transport of ,3000 NOM and the nonreactive tracer ob-
served in the withdrawal well is also apparent at the other
monitoring wells. Chloride and the ,3000 NOM lost a similar
proportion of mass at wells progressively more distant from the
injection well (i.e., the slopes of the conservative tracer and the
,3000 NOM are similar in Figure 10).
2. The shape of the breakthrough curve for the bulk NOM

at the withdrawal well appears to result primarily from its
dominant fraction, the 3000–100,000 fraction. This is also re-
flected in the similar proportion of mass loss for the bulk NOM
and the 3000–100,000 fraction at wells progressively more dis-

Figure 9. Observed normalized breakthrough curves for
bulk NOM and the ,3000 and 3000–100,000 NOM size frac-
tions at the withdrawal well. The simulated breakthrough curve
for the conservative tracer (solid line) is included for compar-
ison. C0 represents the mean concentration of bulk NOM in
the injection solution (33 mg C L21), or the concentration of
the two subcomponents in the NOM injection solution (11.55
mg C L21 for ,3000 NOM and 17.16 mg C L21 for the
3000–100,000 NOM).

Table 2. Retardation Analysis of NOM Using Temporal Moments

Well
Depth,
m

Distance,
m

Area 3 107

1200 hours

Mean Arrival Time

Over 1200 hours Over 660 hours

CT NOM Loss CT NOM R* CT NOM R*

28 2.6 1.0 0.120 0.099 17% 336.9 347.2 6.6 323.5 328.1 10.2
21 2.6 2.0 0.120 0.091 24% 343.6 371.4 4.2 327.0 333.5 2.6
13 2.6 3.0 0.119 0.084 29% 355.1 400.7 3.3 332.6 351.2 2.9
6 2.6 4.0 0.109 0.065 40% 369.0 481.1 4.3 338.8 371.0 3.0
28 2.0 1.0 0.120 0.065 45% 345.4 445.8 10.7 327.9 364.5 8.5
21 2.0 2.0 0.120 0.041 66% 365.2 446.7 3.7 336.9 367.6 3.2
WW z z z 5.0 0.048 0.020 57% 422.5 508.2 2.3 358.5 382.8 1.7

CT, simulated conservative tracer; WW, withdrawal well. Area is given in mg/L 3 min. The mean arrival time is given in hours. R*, apparent
retardation, as described equations (1)–(3). Mean arrival time for the input concentration, t̄A(input), is 335 hours (over 1200 hours) and 323
hours (over 660 hours).

Table 3. Characterization of NOM Subcomponents in
Groundwater and the NOM Injection Solution

Size Fraction,
molecular weight

NOM Subcomponent, mg C L21

(Percent of Total)

Groundwater
NOM Injection
Solution

,3000 1.6 11.5
(89.6%) (35%)

3000–100,000 0.19 17.2
(10.4%) (52%)

.100,000 0 4.3
(0%) (13%)
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tance from the injection well (i.e., the slopes are similar in
Figure 10). In contrast to the ,3000 fraction, breakthrough of
the 3000–100,000 NOM is characterized by extended tailing of
the ascending limb (Figure 9). There is a much greater loss of
mass area the 3000–100,000 fraction than the ,3000 NOM
(Table 4 and Figure 10).
3. The .100,000 fraction remains a minor component,

constituting only a few percent of the mobile NOM (data not
shown).
4. Retardation factors (Table 4) are consistent with the

observed behavior of each component. The ,3000 fraction
moved with little retardation, and the center of mass arrived at
approximately the same time as the conservative tracer. The
3000–100,000 NOM was much more retarded.
5. The heterogeneity in the transport behavior of NOM

subcomponents was also evident when NOM was analyzed
with respect to other properties, including hydrophobicity and
UV/VIS absorbance spectra (data not shown).
These results demonstrate that NOM transport must be

understood in terms of the chemical heterogeneity of NOM,
rather than its bulk behavior. The transport behavior of the
bulk material, which exhibited relatively little retardation but
large loss of mass (Figure 8 and Table 2), could be described
within the context of a transport model as predictable behavior
of a single solute. In a comparison of models describing the
transport of NOM in aquifer column studies, Jardine et al.
[1992] attributed the extended tailing of the breakthrough
curves for the bulk NOM to slow, time-dependent adsorption.
Yet, at the field scale the two-site model (which did include
kinetically controlled, nonequilibrium adsorption) was unable
to fully account for the shape of the NOM breakthrough
curves. Kinetic limitations, arising either from slow rates of
adsorption or from slow diffusive mass transfer of NOM to less
accessible binding sites (dead-end pores or inclusions of fine-
grained material within the coarse sand at the 2.6-m depth),
might be expected to be of limited importance at the spatial
and temporal scales of this field experiment. It seems more
likely that the transport behavior of the bulk NOM is due
primarily to the multicomponent nature of NOM and the large
differences observed in the mobility of the NOM subcompo-
nents (Figure 9 and Table 4). The low retardation reflects the

conservative behavior of the ,3000 NOM, while the higher
molecular weight NOM accounts for the adsorptive losses.
The observation that different size fractions of NOM exhibit

very different transport behavior is consistent with observa-
tions of Davis and Gloor [1981] and Gu et al. [1995] that higher
molecular weight components of NOM have a greater affinity
for adsorption to mineral oxides and with previous field obser-
vations of NOM transport [McCarthy et al., 1993]. Gu et al.
[1995] determined isotherms for adsorption of size fractions of
Georgetown NOM on iron oxide because this mineral was
expected to be the dominant adsorptive phase in the iron-
coated sands at Georgetown. The adsorption affinity and ca-
pacity of the ,3000 NOM were lower than that of the larger
size fraction, but only by;20%. This relatively small difference
observed in laboratory studies is not consistent with the very
large differences in the transport behavior of the size fractions
in the field (Figure 9). The limited adsorption of the ,3000
fraction in the aquifer is postulated be due to ‘‘passivation’’ of
the aquifer by previously adsorbed components of groundwa-
ter NOM. Almost all of the NOM in the Georgetown ground-
water is ,3000 molecular weight and aquifer surfaces may be
saturated with respect to their capacity to adsorb NOM sub-
components in this fraction. Although the groundwater NOM
and the ,3000 NOM in the injection solution are unlikely to
have identical chemical composition, their adsorption behav-
iors are postulated to be similar and result in little additional
adsorption of this fraction during the injection. The 3000–
100,000 fraction has a higher adsorption affinity for aquifer
surfaces, and its retention by the aquifer is postulated to occur
through competitive displacement of previously adsorbed
,3000 NOM.
The behavior of NOM in the injection experiment is inter-

preted as the introduction of a multicomponent NOM mixture
into a porous media previously equilibrated with groundwater
NOM of different composition. Clear differences in the mobil-
ity of two operationally defined fractions of NOM illustrated
this phenomenon. Since the aquifer sediments were equili-
brated with the groundwater NOM prior to the experiment,
only small amounts of the ,3000 NOM in the injection solu-
tion was adsorbed, and migration was essentially conservatively

Figure 10. The mass of conservative tracer and NOM sub-
components arriving at monitoring wells located 1, 2, 3, and 4
m from the injection well at the 2.6-m depth.

Table 4. Differences in the Transport Behavior of NOM
Size Fractions Arriving at the Withdrawal Well

,3000 3000–100,000 CT

Over 1200 Hours
Breakthrough curve areas
Area 3 106a 0.087 0.006
Mass loss,b % 48 98

Over 660 Hours
Mean arrival timec 357.4 526.4 358.5
Apparent retardationd z z z 5.73

aArea is given in mg L21 min21. The input concentration curve area
for bulk NOM is 0.1219 3 107, for ,3000 is 0.420 3 106, and for
3000–100,000 is 0.634 3 106 mg L21 min21.
bTo account for dilution and other nonreactive losses along the flow

path, the loss of mass is calculated as % loss5 ((AreaCT p Fractionsize)
2 Areasize)/(AreaCT p Fractionsize) 3 100%, where AreaCT is the mass
area of conservative tracer (Table 2), Fractionsize is the fraction of the
bulk NOM in a given size fraction (Table 3), and Areasize is the mass
area of the size fraction arriving at the withdrawal well.
cThe mean arrival time is given in hours.
dApparent retardation, using equations (1)–(3). Mean arrival time

for the input concentration (over 660 hours) 5 323.0 hours (Table 2).
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during the NOM injection. The experiment introduced novel
NOM subcomponents into an aquifer in which binding sites on
mineral surfaces were occupied by NOM subcomponents de-
rived from the groundwater. Retention of the novel NOM
required competitive displacement of more weakly binding
components of the groundwater NOM by higher-affinity NOM
subcomponents in the injection solution. When the NOM in-
jection was terminated, concentration of ,3000 NOM in the
groundwater decreased and some desorption of this weakly
bound material occurred. Strongly bound NOM subcompo-
nents desorbed only to a limited extent. These subcomponents,
having displaced the more readily desorbed NOM over the
course of the injection, represent the bulk of the adsorbed
NOM. Thus the apparent ‘‘irreversibility’’ of NOM adsorption
is the consequence of adsorption and desorption of NOM
subcomponents with range of binding affinities. The ‘‘hystere-
sis’’ may reflect very limited, but fully reversible, desorption of
those more strongly binding subcomponents. The interpreta-
tion of the field data in terms of competitive interactions is
consistent with the laboratory results of Gu et al. [1996a, b],
who demonstrated the competitive adsorption of NOM and
model organic solutes, and competitive displacement of weakly
binding organics by those with stronger binding affinities. Be-
cause of difficulties in distinguishing which subcomponents of
NOM adsorbed to surfaces, model organic compounds with
functional groups and molecular structures similar to those in
NOM (polyacrylic acid, phthalic acid, and salicylic acid) were
used in binary adsoption studies with NOM. The competition
among the organic compounds was related to their ionizable
functional groups and molecular structure. For example, poly-
acrylic acid was more competitive than the other compounds,
possibly because its high carboxyl density and linear molecular
structure form stronger surface complexes with the model iron
oxide sorbent [Gu et al., 1996a, b].
The current study demonstrates that for many purposes,

predictive modeling of NOM transport needs to consider its
chemical complexity, although this may be problematic. The
rationale for studies of NOM transport often derives from
concerns about its potential effect on several processes, includ-
ing facilitated transport of organic or inorganic contaminants
bound to the NOM [Dunnivant et al., 1992b; Enfield et al., 1989;
Kan and Tomson, 1990], the stability and transport of inorganic
colloids [Liang et al., 1993a; Amirbahman and Olson, 1993], or
its potential effect on the chemical stability (formation and
dissolution) of mineral oxides [Ryan and Gschwend, 1990; Li-
ang et al., 1993b]. Yet different subcomponents of NOM affect
these processes differently. Larger, more hydrophobic, and
more aromatic NOM has a higher affinity for binding organic
contaminants [Gauthier et al., 1987; Traina et al., 1989; Mc-
Carthy et al., 1989; Kukkonen et al., 1990, 1991], while compl-
exation of metals and radionuclides might be significant for
hydrophilic components of NOM, which have higher oxygen-
to-carbon ratios and are enriched in carboxylic functional
groups [Aiken et al., 1992;Marinsky and Ephraim, 1986; Perdue,
1989; Nash et al., 1981]. Likewise, transport of NOM-coated
iron oxide colloids in porous media appeared to be inversely
related to the acidity, oxygen-to-carbon ratio, and molecular
size of the adsorbed NOM [Amirbahman and Olson, 1993].
Descriptions of NOM transport must consider the changes in
the functional properties of the NOM in the mobile phase (and
potentially capable of facilitating transport of contaminants)
and NOM retained on surfaces (and capable of enhancing the

adsorptive capacity of the aquifer or of mobilizing inorganic
colloids).
Unfortunately, the state of science with respect to multicom-

ponent chemical modeling is not sufficiently advanced to ade-
quately describe the adsorptive and transport behavior of a
complex mixture such as NOM. Representation of NOM as a
number of discrete solutes with defined single-component ad-
sorption isotherms is not possible because the huge array of
individual NOM molecules can not be isolated or character-
ized, nor can the functional behavior of NOM be described at
a molecular level. Several approaches to reducing the complex-
ity of multicomponent systems have been attempted. Complex
multicomponent systems have been represented as a contin-
uum, in which the true multicomponent discrete system is
replaced with a continuous mixture containing an infinite num-
ber of components and described through a distribution func-
tion of variables that characterize the multicomponent adsorp-
tion equilibria (e.g., extended Langmuir equation or ideal
adsorbed solution theory [Okasaki et al., 1981; Annesini et al.,
1988]). Alternately, solutions containing a large number of
adsorbates of unknown composition have been represented as
a solution with a few ‘‘pseudospecies,’’ i.e., a finite number of
groups of solutes defined as having similar, discrete adsorption
behavior [Jayaraj and Tien, 1985; Kage and Tien, 1987;Moon et
al., 1991]. These approaches have limitations as applied to
modeling of NOM. First, while such complex multiparameter
models could perhaps provide a better fit to observed break-
through curves for the bulk material than simpler single-
component models, they cannot represent or predict the trans-
port of NOM subcomponents with different functional
properties of significance to the environmental processes dis-
cussed above. In addition, none of the models takes into ac-
count the competition among NOM subcomponents for ad-
sorption when adsorption sites on aquifer surfaces are limited;
the competitive displacement of weakly binding components of
groundwater NOM by higher-affinity subcomponents is postu-
lated to be a key process controlling NOM transport.
While it may not be currently possible to model the com-

plexities of multicomponent competitive NOM interactions,
the another important conclusion of this study is that for many
environmental scenarios, such modeling may not be necessary
to predict the role of NOM in contaminant transport. The
complexity described above arises from introduction of a novel
NOM source (in this case, the injected wetland pond water)
into an aquifer containing groundwater NOM of a different
composition. That scenario would be relevant, for example, in
situations in which organic matter was codisposed with con-
taminants, such as at landfills or waste burial sites. Changes in
aqueous chemistry (e.g., altered pH or ionic composition) due
to natural or anthropogenic processes might also be expected
to disrupt the equilibrium between solid and solution phase
NOM and to induce a complex competitive redistribution of
NOM subcomponents. Gu et al. [1996a] demonstrated that the
competitive adsorption of NOM and model organic com-
pounds is pH-dependent; for example, polyacrylic acid inhib-
ited the adsorption of NOM to iron oxide above pH above 4,
whereas it lost its competitiveness at lower pH.
However, many other contaminant mobilization scenarios

do not involve introduction of novel organic matter or changes
in aqueous chemistry. For example, transuranic (TRU) radio-
nuclides migrating in groundwater downgradient from shallow
TRU storage trenches at the Oak Ridge National Laboratory
were shown to be complexed with groundwater NOM. It is
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postulated that seasonal increases in the water elevation of the
groundwater intersect the shallow trenches, permitting the
groundwater NOM to complex and cotransport the actinides in
the waste [McCarthy et al., 1995]. In a groundwater situation
such as this, disturbance to the equilibrium between solid and
solution phase NOM may be minimal, and the results from the
current study (Figure 9) suggest that the transport of the
NOM-contaminant complex may be approximated as that of a
conservative solute. Contaminants bound to groundwater
NOM can therefore be expected to exhibit greatly enhanced
mobility. Extended contact will eventually bring even a novel
source of NOM into a steady state with respect to adsorption
by the aquifer, and contaminants bound to the novel NOM can
then be expected to travel conservatively. This principle was
demonstrated in laboratory columns by Dunnivant et al.
[1992b]. After ‘‘passivating’’ adsorption surfaces by batch-
contacting Georgetown aquifer material with NOM-rich water
from the wetland pond, they introduced a step input of differ-
ent concentrations of that NOM with organic and inorganic
contaminants (a polychlorinated bipheny and cadmium) onto
columns of the NOM-equilibrated aquifer material. Contami-
nant mobility increased with the solution NOM concentration,
and the enhanced contaminant mobility could be explained by
incorporating a three-phase system (contaminants distributed
between one stationary and two mobile phases: the aqueous
phase and a conservatively transported NOM-bound phase) in
the convection-dispersion (CD) transport equation. While the
association of a metal or organic contaminant with an NOM
molecule could affect the transport properties of that NOM
molecule (e.g., alter its charge density or size), this effect did
not appear important in the Dunnivant et al. [1992b] study.

Summary and Conclusions
The field-scale transport of NOM was determined in a two-

well forced gradient injection experiment in a sandy aquifer.
The site characterization, nonreactive tracer tests, and three-
dimensional flow model [Mas-Pla, 1993; Yeh et al., 1995] made
it possible to identify and obtain quantitative estimates of
chemical processes controlling NOM transport at the field
scale in a way that was not possible in the 1990 field experiment
[McCarthy et al., 1993]. Transport was greater in more hydrau-
lically conductive layers at the 2.6-m depth, but mass loss of
NOM was greater at the 2.0-m depth due to higher adsorption
affinity of the sediments and possibly greater hydrodynamic
dispersion arising from the greater physical heterogeneity in
this layer. Several features of NOM transport were difficult to
reconcile with laboratory studies of adsorption or with concep-
tualization of NOM as a single entity. The transport behavior
of the bulk NOM was characterized by significant losses of
mass. Yet the NOM plume comigrated with the conservative
tracer for the first few days (Figure 8) and overall retardation
was relatively low (Table 2). While this is consistent with a
kinetically controlled adsorption process, the large differences
in the transport behavior of different NOM subcomponents
suggest the multicomponent nature of NOM may be the prin-
cipal underlying cause of this behavior. There appeared to be
a strong adsorption-desorption hysteresis, since the desorption
curves for bulk NOM were similar to those of the conservative
solute. However, the apparent ‘‘irreversibility’’ of NOM ad-
sorption is postulated to be the consequence of adsorption and
desorption of NOM subcomponents with range of binding
affinities. The ‘‘hysteresis’’ may reflect very limited, but fully

reversible, desorption of those more strongly binding subcom-
ponents.
An important conclusion of this study is the recognition that

NOM is ubiquitous in natural subsurface systems, and coatings
of autochthonous NOM on aquifer surfaces can have a signif-
icant effect on the retention of NOM subcomponents. Better
descriptions of NOM transport require improved understand-
ing of competitive adsorption of NOM on surfaces. Such un-
derstanding must include consideration of the chemical heter-
ogeneity of the NOM subcomponents (and of aquifer binding
sites), which gives rise to a range of adsorptive affinities that
control the nature and amount of NOM retained on surfaces
or transported in groundwater.
These results emphasize the need to conceive of some NOM

transport problems as a multicomponent transport process in-
volving competitive adsorption of subcomponents for binding
sites. Introduction of NOM that differs from autochthonous
groundwater NOM with respect to the nature or amount of
NOM subcomponents will induce disequilibria between the
solution and solid phase NOM, with the release of weakly
binding components and retention of strongly binding NOM.
The chemical properties and, more importantly, the functional
behavior of NOMwith respect to contaminant migration or the
stability of inorganic colloidal phases will vary with time and
distance along a flow path. Additional disequilibria in NOM
adsorption and colloid stability may also be induced by changes
in pH or ionic composition along flow paths. Predictive mod-
eling of these dynamic competitive interactions along a flow
path is problematic.
However, in the absence of chemical disequilibria (either as

introduction of novel NOM or changes in aqueous chemistry),
it may be possible to model the role of NOM on contaminant
transport much more simply. When groundwater NOM exists
at a steady state with respect to adsorption on aquifer surfaces
or in portions of a flow path where prolonged inputs of a
‘‘novel’’ source of organic matter eventually saturate binding
sites for the new NOM, results of this study suggest that the
transport of NOM, and the contaminant-NOM complex, may
be approximated as the transport of a conservative solute.
One objective of the field study was to test laboratory un-

derstanding and focus laboratory research on issues that may
not have been previously recognized as important. In this, the
field experiment was successful. While column studies using
site-specific material [Dunnivant et al., 1992a] demonstrated
differences in the mobility of NOM subcomponents, a single-
species solute model could reproduce the NOM breakthrough
curve over the short times and distances of the column studies
[Jardine et al., 1992]. The larger scale of the field experiment
clarified the importance of the multicomponent nature of
NOM transport: the mobile components of NOM could be
better characterized in the larger-volume field samples, and
the spatial and temporal scale of the field experiment demon-
strated the conceptual and operational failure of single-species
solute models more conclusively than did the results of the
column studies. Discrepancies between the laboratory and
field results were also informative. For example, the discrep-
ancy between the adsorption of NOM subcomponents on a
model sorbent that lacked any previously adsorbed NOM [Gu
et al., 1995] and field results lead to our hypothesis that previ-
ous coatings of NOM on surfaces controlled NOM adsorption
and transport behavior in the field. This field-derived hypoth-
esis has now been confirmed in laboratory studies on the com-
petitive interactions among NOM and model organic com-
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pounds [Gu et al., 1996a, b]. It should noted that an earlier field
experiment on NOM transport [McCarthy et al., 1993] was far
less successful in testing understanding of NOM transport pro-
cesses due to uncertainties arising from limited information on
the flow field. Heterogeneity in the aquifer required high-
resolution information on the spatial distribution of hydrologic
properties of the aquifer [Yeh et al., 1995] in order to properly
resolve the chemical, as opposed to hydrologic factors that
controlled the transport of NOM.
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