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Abstract

Many published studies have used visual comparison of thetiming of peak breakthrough of colloids ver susconservativedis-
solved tracers (hereafter referred to asdissolved tracersor tracers) in subsurface media to determine whether they are advected
differently, and to elucidate the mechanisms of differential advection. Thispurely visual approach of deter mining differential advec-
tion may have artifacts, however, dueto the attachment of colloidsto subsurface media. The attachment of colloidsto subsurface
media may shift the colloidal peak breakthrough to earlier times, causing an apparent “faster” peak breakthrough of colloidsrel-
ativeto dissolvetracerseven though thetransport velocitiesfor the colloids and the dissolved tracer s may actually be equivalent.
In thispaper, a peak shift analysiswas presented toillustratethe artifacts associated with the purely visual approach in determining
differential advection, and to quantify the peak shift dueto colloid attachment. Thispeak shift analysiswas described within the
context of microsphere and bromide transport within a zero-valent iron (ZVI) permeablereactive barrier (PRB) located in Fry
Canyon, Utah. Application of the peak shift analysisto thefield microsphere and bromide breakthrough data indicated that dif-
ferential advection of the microspheresrelativeto the bromide occurred in the monitoring wells closest to theinjection well in the
PRB. It was hypothesized that the physical heterogeneity at the grain scale, presumably arising from differencesin inter- versus
intra-particle porosity, contributed to the differential advection of the microspheresversusthe bromidein the PRB. Therelative
breakthrough (RB) of microspheres at different wellswasinversely related to the ionic strength of ground water at these wells,

in agreement with numerous studies showing that colloid attachment is directly related to solution ionic strength.

Introduction

Comparisons of breakthrough of colloids versus dissolved
tracers in subsurface media are often made to determine whether
they are advected differently in subsurface media (Buddemier and
Hunt 1988; Champ and Schroeter 1988; Bales et d. 1989; Toran and
Palumbo 1992; Harvey et al. 1993; McKay et al. 1993; Vilks and
Bachinski 1996; Morley et al. 1998; Pang et al. 1998) and to €lu-
cidate the mechanisms of differential advection. Differential advec-
tion of colloids versus dissolved tracers may be explained by
exclusion processes (de Marsily 1986; Wood et al. 1990; Rehmann
et al. 1999). Dissolved tracers are sufficiently small to allow them
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to move into relatively small pore spaces in the subsurface media
and enter many or all of the pores, depending on the size of theion
or molecule. Since colloids are much larger than dissolved tracers
(e.g., pm versus nm), they may be restricted to the larger poresin
the subsurface media. This exclusion from the small pore spaces may
occur by virtue of thelarge size of colloids relative to sediment pore
throats, or due to the relatively low diffusion constants of col-
loids. Since advection is greater in the larger pores, colloids are
expected to travel faster on average than dissolved tracersin cases
where zones of larger pore space occur together with afiner porous
matrix. Differential advection may aso derive from size or charge
exclusion of the colloids from the slower velocitiesin the margins
of pore spaces. In this paper the term differential advection refers
to enhanced advection of colloids relative to dissolved tracers at any
scale, eg., pore scale or higher.

The comparison of breakthrough of colloids versus dissolved
tracersis not straightforward mainly due to the different detection
limits between colloids and dissolved tracers, and due to the inter-
action of colloids with sediment. Comparison of breakthrough of
colloids versus dissolved tracers has been made in some cases
without considering important differencesin mechanisms govern-
ing their transport. In contrast to dissolved tracers, colloidal mate-
rials often undergo significant attenuation during transport, and mass
recovered is often only a small fraction of the injected mass.
Additionaly, resolution of analysisis very different for colloids ver-
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sus dissolved tracers. Although there may be exceptions, it is gen-
erally true that the detection limitsfor colloids are much lower than
the detection limits for dissolved tracers. For example, common col-
loids such as bacteria, viruses, and microspheres can be analyzed
to afew colloids per milliliter, and the relative concentration for col-
loids can span eight to nine orders of magnitude. In contrast, the rel-
ative concentration for dissolved tracerstypically coversfour to five
orders of magnitude.

Studies that use the first arrival (first detection) of colloids
versus dissolved tracers may incorrectly conclude faster colloid
transport relative to the dissolved tracer due to the lower detection
limit of colloids. To avoid artifacts from the detection limit, some
studies have compared the timing of breakthrough of the highest con-
centration (peak) for dissolved tracers and colloids (Champ and
Schroeter 1988; Harvey et a. 1993; Harvey et a. 1995; Vilks and
Bachinski 1996; Morley et d. 1998; Pang et a. 1998). This approach
may assume that the timing of the peak concentration representsthe
average travel time of the dissolved tracers and the colloids. This
assumption holdsfor conservative dissolved tracers since they lack
interaction with the subsurface media. However, this assumption may
not hold for colloids, because interaction with the subsurface media
can significantly reduce the mobile mass and in some cases can cause
the breakthrough peak to shift to earlier times.

The effect of colloid interaction with subsurface media on
timing of breakthrough is illustrated by simulation of the one-
dimensional advection-dispersion reaction equation

oC 9°C oC
E—DQ—V&—kC (1)

where C (ML-3) isthe agueous colloid concentration, v (LT 1) is
the interstitial velocity of the particles, D (L2T-1) is the hydrody-
namic dispersion coefficient, and k (T-1) isacolloid deposition rate
constant that representsirreversible attachment of colloidsto the sta-
tionary phase. Colloid deposition in this case is simplified to fol-
low irreversible first-order kinetics, a conceptualization appropri-
ate to represent gross colloid behavior (Kretzschmar et al. 1997;
Grolimund et al. 1998; Logan et al. 1999).

For asemi-infinite column free of colloidal particles at time zero
with a unit pulse input, Equation 1 can be solved analytically
(Grolimund et a. 1998):

(x=vt)*

e 4Dt (2)

C(xt) = ne M—F——
( ) (o) 2 T[tSD

wheren, (ML—3T) isanormdization constant that representsthe total
mass of colloidal particlesinjected divided by the total volumetric
flux (L3T-1). For a conservative dissolved tracer (k = 0) the first
exponential function term becomes unity.

Simulated breskthrough curves (BTCs) for acolloid with afirg-
order deposition rate constant (e.g., k = 6.0 X 10 s, a deposi-
tion rate constant relevant to microsphere attachment to ZVI mate-
rial in this study) and a conservative dissolved tracer (equivalent in
all respects to the colloid except for a deposition rate constant
equd to zero) in homogeneous mediaare presented in Figure 1. In
Figure la it is seen that the depleted colloid mass that breaks
through often requires the use of different concentration scales to
compare colloid and dissolved tracer breakthrough. This figure
shows that the colloid peak breaks through earlier than the tracer,
indicating an apparent “faster” trangport of the colloid relative to the
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Figure 1. Computer smulated breakthrough curvesfor hypothetical dis-
solved tracer (k = 0) and colloid (k = 6.0x 10° s%) using Equation 2 with
L =04m,v=60x10%m/s and D = 25X 107 m%sec; (a) different
scales, (b) common scale. PV standsfor porevolume.

dissolved tracer. Many comparisons of the timing of colloid and
tracer breakthrough have used different colloid and tracer concen-
tration scales (Champ and Schroeter 1988; Harvey et al. 1989;
Harvey et al. 1995; Vilks and Bachinski 1996; Morley et al. 1998;
Pang et a. 1998). In this format, however, the apparent earlier
colloid breakthrough may be an artifact of “truncation” of colloid
breakthrough due to colloid attachment. This artifact can be rec-
ognized by using acommon scale to compare colloid and tracer con-
centrations (Figure 1b), whereit is seen that significant colloid loss
due to attachment shifts the colloid peak to earlier times despite no
increasein the velocity of the colloid. Thisartifact was briefly men-
tioned in some studies (Harvey et a. 1995; Grolimund et al. 1998;
DeBorde et al. 1999), but was not recognized in many other stud-
ies (Champ and Schroeter 1988; Vilks and Bachinski 1996; Morley
et al. 1998).

Thesamplest way to determine differential advection of colloids
relative to adissolved tracer isto compare the normalized colloidal
and tracer concentrations (C/C,, where C, istheinfluent colloid or
tracer concentration) using acommon scale. Normalized colloidal
concentrations greater than the normalized tracer concentration
between thefirst detection and peak arrival of tracer (i.e., anywhere
on therising limb of the tracer BTC) indicate differential advection
of the colloid relative to the tracer. Becker et d. (1999) examined
cumulative mass recovered for the same purpose. Comparison of
normalized concentrations or mass recoveries for tracers and col-
loidsis useful in cases where the colloid clearly exceedsthe tracer.
However, since colloid attachment lowers colloidal C/C, (and
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Figure 2. Schematic diagram of monitoring well placement within the ZV1 barrier and location of the barrier within the state of Utah. The
bromide and microsphereswereinjected into ZVIT3 and were monitored at ZVIFS1, ZVIR1-5, ZVIR2-5, ZVIR1-6, ZVIR1-8, and DG2B.

mass recovered), there may be cases where the colloid BTC lies
below the tracer BTC but differential advection of the colloid may
still have occurred. In other words, greater C/C (or mass recovery)
for the colloid relative to the tracer after detection of the tracer is
diagnostic, but it is not anecessary indicator of differential advec-
tion of the colloid.

In cases where colloid attenuation makes determination of
differential advection more difficult, velocities representative of the
colloid and the tracer may be derived by simulation (Equation 2)
or moment analysis (first moment) of the BTCsto determine dif-
ferential advection. However, many published analyses have not
involved simulation or moment analysis of the BTCs, but have
instead relied on visua quditative comparison of the timing of peak
breakthrough for colloids and tracers.

The purpose of this paper isto outline considerationsin visual
comparison of BTCsfor colloids and dissolved tracersin order to
avoid pitfalls arising from differencesin their detection limits and
their interaction with subsurface media. These considerations are
implemented within the context of transport within a zero-valent
iron-permeabl e reactive barrier located in Fry Canyon, Utah.

Simulation of the breakthrough data using the advection-
dispersion-filtration equation (Equation 2) indicated that greater
velocities were experienced by the microspheres relative to the bro-
mide. A pesk shift analysis that accounted for the effects of colloid
attenuation on the timing of peak breakthrough was aso imple-
mented. The peak shift analysis yielded results that were equiva-
lent to those of the analytical simulations. The peak shift analysis
was applied in order to clarify considerationsin performing visua
comparison of the timing of peak breakthrough for the colloid and
tracer.
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Materials and M ethods

Site Description

A zero-valent iron-permeabl e reactive barrier wasinstalled in
August 1997 to intercept uranium-contaminated ground water
from an abandoned uranium upgrader operation near Fry Canyon,
Utah (Figure 2). The shallow ground water in the colluvial aguifer
contains elevated concentrations of uranium that exceed 20,000 pg/L
(Naftz et a. 1999).

The colluvia aguifer, consisting of silt- to gravel-size particles,
isup to 5.5 mthick, is saturated over the lower 1.5 m, and is situ-
ated over abedrock confining layer. Pumping and dug testson wells
indicate that hydraulic conductivity valuesrange from 1.52 to 15.2
m/day. Hydraulic-conductivity values measured in the laboratory
on disturbed samplesranged from 16.8 to 25.9 m/day. The labora-
tory porosity of arepacked samplewas 12.6%. Porosity valuesfrom
theliterature indicate the in situ effective porosity is probably 20%
to 25% for mixed sand, gravel, and silt (Freethey et al. 1994).

The reactive material inthe ZVI1 PRB consists of foamed alu-
minosilicate-bound pellets (~2 mm diameter) manufactured by
Cercona of America. The hydraulic conductivity of this material
prior to installation was 173.8 m/day and the total porosity (intra-
+ inter-particle porosity) was approximately 56% (Naftz et al.
2001), indicating significant internal porosity in the pellets. The
effective porosity of the ZVI materid was determined by gravimetric
analysis.

A funnel-and-gate design was used to install the ZVI PRB. A
trench intersecting the total saturated thickness of the colluvia aguifer
was keyed into the underlying confining unit and backfilled with pel-
letized ZV1 materia. Impermeable walls on each Sde of the ZVI mate-
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rial separated this PRB from two other PRBs concurrently installed
on either side. The“asbuilt” dimensions of theZVI PRB are2.13m
long by 0.91 mwide by 1.13 m deep (Figure 2). A 0.46 m wide layer
of peagravel was placed on the upgradient side of the ZVI PRB to
facilitate uniform flow of contaminated ground water into the per-
mesable gate structure. The ground water flux through the ZV1 barrier
was 0.82 m3/day and the hydraulic gradient was approximately 0.003
(m/m). The hydraulic gradient is unlikely to have changed during the
tracer test because of the high permeability of the ZV1 barrier.

Sixteen 0.6 cm diameter schedule 40 PVC wellswereingtdled
aong two parald linesin the ZVI PRB parallel to regiona flow
(Figure 2). In addition, five 5 cm diameter schedule 40 PVC wells
with 1.5 m screen intervals were placed in the peagravel (ZVIT1
and ZVIT2),theZVI PRB (ZVIT3 and ZVIFSL), and the colluvial
aquifer (DG2B, Figure 2). Of these particular wells, one (ZVIT3)
served astheinjection well and six (ZVIFSL, ZVIR1-5, ZVIR2-5,
ZVIR1-6, ZVIR1-8, and DG2B) served as the monitoring wells dur-
ing this study. Of the 0.6 cm diameter monitoring wells, ZVIR1-5,
ZVIR2-5, and ZVIR1-8 were screened over a15 cminterval start-
ing just above the bedrock, and ZVIR1-6 was screened over a
61 cminterval starting just above the bedrock. A sampling tube was
permanently installed into each of the larger diameter (5 cm) wells
and extended to about 15 cm from the bottom of the well screen.
All screens were slotted pipe with dot size of 0.025 cm.

Transport Experiments

Fluorescent carboxylate modified latex paramagnetic micros-
pheres (average diameter of 0.98 um and density of 1.33 g/cm?,
Bangs LaboratoriesInc.) and bromide (in the form of potassium bro-
mide, KBr) were used as colloidal and dissolved tracersin this study.
Ground water (47.3 L) was pumped from well ZVIT1 and was
injected into ZVIT3 after addition of bromide (232 mg/L) and
microspheres (1.0 X 107 spheres/mL). The tracer solution was
injected by siphoning through a hose into a perforated pipe inserted
into the injection well over the saturated interval. Theinjection vol-
ume was chosen to be equivalent to acylindrical tracer plume (30
cm diameter) through entire saturated thickness of the PRB.
Injection started at 10:30 am. MDT April 15, 1999, and was com-
pleted at 10:56 am. The transport experiment was conducted under
natural gradient conditions.

Samples (200 mL each) were collected every three to four hours
at aflow rate of 200 mL/min for bromide and microsphere analyses.
Sampleswere collected manualy using peristatic pumpsfrom al of the
wellsexcept ZVIR1-6 and ZVIR1-8. Samplesfrom WellsZVIR1-6 and
ZVIR1-8 were collected viaautosamplersingtalled in these wells. Each
autosampler congsted of a perigtatic pump and a programmed timer that
activated the pump. Each well had dedicated tubing for sample collec-
tion to avoid cross-contamination between wells. Well water was
pumped through the peristaltic pump (200 mL for autosampler and 0.5
to 1 L for manual sampler) prior to sample collection to minimize
cross-contamination of samples. All sampleswere stored in an icebox
immediately after collection and refrigerated prior to analysis.

Bromide analyses were made by flow injection analysis at
the U.S. Geological Survey. Microsphere concentration was ana-
lyzed ferrographically (Zhang and Johnson 1999; Zhang et al.
1999) at the University of Utah. The detection limit for bromide was
0.5 mg/L and the detection limit for microsphere was 2 spheres/mL.
It should be noted that the mi crospheres become magnetic only in
the presence of a strong external magnetic field.
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DataAnalysis

Simulation of the breakthrough data was performed using
Equation 2. The values of v and D for the bromide were determined
by least-squaresfit to the field bromide data. The values of v, D, and
k for the microspheres were determined by visual fit to the field
microsphere data. Specifically, smulations with different values of
v, D, and k were performed until the best match (determined visu-
ally) of the smulation and the field microsphere data was achieved.
Trave distances were approximated by straight-line distancesto the
injection well, areasonable approximation given the short travel dis-
tances and the relatively physically homogeneous barrier infill.
The use of aone-dimensional expression to describe athree-dimen-
sional siteisjustified by normalizing the microsphere flux to each
well to the bromide flux. The microsphere n (Equation 2) was set
equal to the bromide no to account for variability in ground water
flux from well to well. In using aone-dimensiona approach, theval-
ues of v, D and k represent average values across the flowpath.

Mode efficiency E (Hornberger et . 1992) was used asamea
sure of the goodness of fit of the model to the experimental data.
The moddl efficiency is defined as

B ()
E(CI - Ca\/)2 (3)

wherer; istheith residual between the predicted and the observed
concentrations, C, istheith observed concentration, and C,, isthe
mesan of the observed concentrations. A model efficiency of 1indi-
cates an idedl fit of the model to the observed data, while a model
efficiency of O indicates alack of fit.

For quantitative visual comparison of breakthrough data, the
difference in timing of breakthrough of colloid versus dissolved
tracer, At ., was defined as

—t
Dty = % X 100 ()

t

wheret, andt, arethetimes of arrival of peak concentrations of dis-
solved tracer and colloid, respectively.

90.0
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Atpeak

300 |
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Log RB

Figure 3. Atpeak versus RB, with different linesfor different values of
P.. The value of At expected due to colloid attachment to the
porous media (as accounted for by Equation 2) can be estimated
using the appropriate curve (according to P,) and the observed value
of RB.
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Table 1

Transport Parameter Values Deter mined from Analysis of Field Data, and Results from the Peak Shift Analysis
wdl ID ZVIFS1 ZVIR1-5 ZVIR2-5 ZVIR1-6 ZVIR1-8 DG2B
Distance L (m) 0.304 0.549 0.549 0.646 0.761 1.810
Vg, (M/s) 55 x 10 8.0 x 10 8.0 X 10 85 x 10 11 x 10° 19 x 10°
Vs (MVs) 10 x 10° 12 x 10° 11 x 10° N/D N/D 21 X 10°
Dy, (m?/s) 22 X 107 34 x 107 33 x 107 15 x 10 15 x 10 49 x 10
DMS(mzls) 40 x 107 51 x 107 46 x 107 ND ND 55 x 10
k(sh 85 x 10° 1.3 x 10 6.2 X 10° ND ND 10 x 10*
P, 7.6 129 133 35 5.6 7.0
RB 0.13 0.014 0.075 0.21 0.000026 0.0038
Atpeak observed 64 53 47 -191 -100 53
Atpeak from Figure 3 24 33 24 ND ND 50
Differential Advection? Yes Yes Yes No No No
Retardation? No No No Yes Yes No
E for Br 0.89 0.86 0.85 0.66 0.72 0.99
E for MS 0.58 0.98 0.94 ND ND 0.73
ND stands for not determined.

In order to relate peak shift to attachment, the rel ative mass of
colloid lost due to attachment must be known. The relative break-
through, RB, of colloidal material versus dissolved tracer, observed
at distance L isdefined as (Harvey et al. 1989)

fw%Llldt

0 c,0
“CyLt

0]

Go )

where C (L ,t) and C(L ,t) are the concentrations of colloid and dis-
solved tracer at distance L and timet, respectively. C.and C, jare
theinitial concentrations of colloid and dissolved tracers, respectively.
The numerator and denominator in Equation 5 represent the areas
under the colloid and tracer BTCs, respectively, when plotted as C/C,
versustime. The quantity RB thereby utilizesthe flux of the tracer
asareferencefor the expected flux of colloidal materia to aparticular
well. Inthe relatively homogeneous media of the PRB, thetracer can
serve as areasonabl e reference from which to determine the extent
of attachment of the colloids en route to a given well.

The relationship between the magnitude of the peak shift
(Atpeak) and the value of RB depends upon the deposition rate con-
stant (k), distance (L), average linear velocity (v), and hydrodynamic
dispersion coefficient (D) as shown in Equation 2. As stated previ-
ously, the magnitude of the peak shift (Atpeak) isdirectly related to
RB, i.e., colloid attachment shifts the peak colloid breakthrough to
earlier times (Figure 3). Thevaluesof L, v, and D can be combined
into a Peclet number, P, where P, = vL/D. For agiven P, number,
the RB isinversaly related to k, since the other variablesthat affect
RB (v, L, and D) are held constant. Hence, for agiven value of RB
and P, determined from experimental data, the peak shift expected
from colloid attachment (as characterized by Equetion 2) can be deter-
mined from Figure 3. In order to develop Figure 3, BTCswere sSim-
ulated using Equation 2 for approximately 600 combinations of L,
v,D,andk (L from0.4mto2.0m,vfrom25 X 10%t015 x 10°
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m/sec, D from 1.0 X 107t01.5 X 10> m?/sec, and k from 5.0 X
10%t06.4 X 10%/sec).

The strategy used to determine whether an observed At rep-
resented differential advection wasto estimate the At,,., expected
from colloid attachment (using the same P, as for the dissolved
tracer), and then to compare this expected peak shift to the observed
peak shift. If the observed peak shift was significantly greater than
the peak shift expected from colloid attachment, then thisindicated
that the observed peak shift was not simply due to colloid attach-
ment. The v (the P, value) used in determining the peak shift
expected from colloid attachment was the same as that for the
tracer. Hence, it can be concluded that an observed peak shift
greater than the peak shift expected from colloid attachment would
be due to the colloid having a greater velocity than the tracer.

Results and Discussion

Differential Advection of Microspheres Relative to Bromide

The BTCsfor microspheres and bromide transport in the PRB
are shown using a common scale (a) and different scales (b) in
Figure 4. Breakthrough simulations for bromide (dashed lines)
and microspheres (solid lines) in Figure 4b represent the best fit of
Equation 2 to the experimental data. The peak arrival timeis sub-
ject to error due to insufficient experimental data and use of sim-
ulated curves. However, the simulated curves provide reasonable
matchesto the data, thereby providing a more accurate estimate of
peak arrival relative to using the highest measured bromide or
microsphere concentration. Equation 2 does not account for micros-
phere detachment and so cannot simulate extended microspheretail-
ing observed during el ution.

When plotted under acommon scale (Figure 4a), breakthrough
at well ZVIFS1 showed higher normalized microsphere concen-
tration relative to bromide concentration at t = 2.4 hours, indicat-
ing probable differentia advection of microspheres. In contrast, the
wells further downgradient (ZVIR1-5, ZVIR2-5, and DG2B)
showed normalized microsphere concentrations that were always
lower than the normalized bromide concentrations. Hence, for
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these wells it is not possible to determine whether differential
advection of microspheres occurred simply by visual comparison
of breakthrough.

When plotted using different scales for the microsphere and bro-
mide BTCs (Figure 4b), peak microsphere concentrations clearly
occurred at earlier times relative to bromide (Table 1) for wells
ZVIFS1, ZVIR1-5, ZVIR2-5, and DG2B. However, it is necessary
to account for the peak shift due to colloid attenuation in order to
determine whether the observed peak shift represented differential
advection of the microspheres. Simulation of breakthrough using
Equation 2 accounted for potential effects of colloid attenuation on
peak timing. The values of v determined from simulations of the
breakthrough data (Table 1) indicated that during transport to wells
ZVIFS], ZVIR1-5, and ZVIR2-5 the microspheres experienced
higher velocities relative to the bromide. At well DG2B the fitted
velocities were similar for the microspheres and the bromide (i.e.,
there is no indication of differential advection in breakthrough
data from thislocation).

In contrast to curve-fitting analyses, many analyses have relied
upon qualitative visual comparison of the timing of peak break-
through to determine whether differential advection issignificant.
Although qualitative visual comparison of the timing of peak
breakthrough is pleasing in its simplicity, rigorous comparison
requires accounting for the effect of colloid attenuation on the
observed peak shift. To account for colloid attenuation in avisual
format, thevalue of At__., expected dueto colloid attachment to the
porous media (as accounted for by Equation 2) was estimated
using the appropriate curve (according to P,) and the observed
value of RB (Figure 3). Thisvalue of A\ expected dueto colloid
attachment was then compared to the At observed from the
experimental data (Table 1). The observed peak shift (Atpeak) was
much greater (> 20%) than the estimated At__, for wells ZVIFSL,
ZVIR1-5, and ZVIR2-5 (Table 1), indicating that the colloid expe-
rienced a greater velocity relative to the tracer. These dataare in
agreement with the relative velocities determined by simulations
using Equation 2 (Table 1).

Model efficiency E values (Table 1) indicated that most of the
simulationsfit the experimental datavery well (i.e., E=0.85). The
relatively low E values (~ 0.7) for bromide simulations for wells
ZVIR1-6 and ZVIR1-8 werelikely dueto the outlier datain the elu-
tion limb of the BTCs, whereas the relatively low E values (0.6 to
0.7) for microsphere simulations for wells ZVIFS1 and DG2B
were likely dueto theinability of the model (Equation 2) to account
for extended tailing of microsphere concentrations at those wells due
to detachment of a subpopulation of the attached microspheres.
Inability to account for mass recovered during extended tailing does
not significantly affect our analysis, since the mass recovered dur-
ing the extended tailing was small (&t most 20%) relative to the mass
recovered during breakthrough.

Errors associated with the peak shift analysisinclude (1) errors
in RB estimation (integration of the areas under the breakthrough
curves), (2) errorsin D (and hence P,) due to the assumption that
D was equivalent for the colloid and tracer, and (3) errorsin the
observed Dt (potential misrepresentation of the timing of the peak
concentration due to limited data). However, the effects of the
arorsarelimited. For example, the peak shift (Atpeek) estimated from
colloid attachment is not overly sensitiveto RB (e.g., a20% change
in RB will cause about 5% changein At Figure 3), bec:auszeAtpeek
isrelated to log RB. Likewise, athough dispersion coefficientsfor
colloids and dissolved tracers may differ, the difference is proba-
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Figure 5. Microsphere and tritium breakthrough curves (up to
1 porevolume) for alaboratory column experiment with ZVI pellets.
The normalized microsphere concentration was significantly higher
than the normalized tritium concentration between 0.5 and 0.8 pore
volume, indicating differential advection of microspheres.

bly not large, i.e., lessthan afactor of two (Toran and Palumbo 1992;
Grolimund et al. 1998; Morley et al. 1998). A factor of two under-
estimation of the dispersion coefficient trandates to an underesti-
mate of the P, value by afactor of two. This underestimate causes
an underestimate of about 10% in the estimated VA for the high-
est P, values observed in this study (compare curves with P, =12
and P, =24 in Figure 3), and smaller errors for smaller P, values.
Errors associated with the observed Atpegy vary depending on the
sampling frequency. In this study it was recognized that an error of
up to 15% could be associated with the observed At ey Hence, dif-
ferences between the observed At ., and the expected At,,.,, were
considered significant only when the difference exceeded 20%.

The analytical and visual analyses were equivalent, differing
only with respect to format of the analysis. Both analyses indicated
that the observed peak shift in wells ZVIFS1, ZVIR1-5, and
ZVIR2-5 may not have been solely due to colloid attachment (as
accounted for in Equation 2), but instead may represent differen-
tial advection of the microspheres. In contrast to wells ZVIFSL,
ZVIR1-5, and ZVIR2-5, well DG2B showed similar values for At
estimated from colloid attenuation and observed At ., (Table 1),
indicating that the observed earlier peak breakthrough of the
microspheresrelative to the bromide in this well may have been due
to microsphere loss to the barrier and agquifer material.

The visual peak shift analysis was presented to relate quanti-
tative and descriptive means of analysisfor differential advection,
and may have no greater utility than simulation by Equation 2.
However, the analysis servesto highlight considerationsin visual
comparison of colloid and dissolved tracer breakthrough. The
analysis may also be smpler to implement than curvefitting under
conditions where the timing of colloidal peak breakthroughiswell
constrained by the experimental data.

The differential advection of the microspheresrelativeto bro-
mide manifested in the data closest to the injection well may derive
from the inability of the microspheresto sampleall of the internal
porosity of the ZV1 pellets. Thisinability to moveinto the smaller
pores may occur due to several attributes of the microspheres,
including their reltively large size, their relatively low diffusion con-
gtants, and possible electrogtatic repulsion with the ZVI pellets. That
microspheres may be differentially advected through the ZV1 mate-
ria isalso indicated by column experiments as shown in Figure 5.
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Figure 5 shows differential advection of the microspheresrelative
totritiuminthe ZVI materia during trangport through acolumn (2.5
cmID X 15cm length) at 10 mL/hour.

Retardation of Microspheres Relativeto Bromide

Peak concentration of microspheres appeared to be much later
than the peak concentration of bromide for wells ZVIR1-6 and
ZVIR1-8 (Figure 4), indicating retardation of microspheres occurred
during transport to these wells. It is possible that the microsphere
retardation was an artifact of the use of autosamplers (e.g., trapped
gas), since microsphere retardation occurred only in the wells that
had autosamplers. However, the autosampler consisted of a peri-
staltic pump and a programmed timer and worked equivalently to
the manual sampler, which consisted of a peristaltic pump with no
timer. Purge cycles were conducted in both the manual and auto-
matic samplers. Hence, there is no obvious mechanism by which
the autosamplers would cause apparent microsphere retardation at
wells ZVIR1-6 and ZVIR1-8.

Retardation of colloids rdlative to dissolved tracers has been pre-
viously observed in severa field studies (Harvey et al. 1995).
Filtration and retardation are distinct breakthrough phenomena
and may result from different mechanisms of attachment. The
attachment mechanismsthat result in filtration allow detectable col-
loid concentrations to pass through the system, and this may con-
tinue for extended periods of time. In contrast, the attachment
mechanisms that result in retardation prevent passage of detectable
colloid concentrations, but only for arelatively limited period of
time. Attachment that results in retardation is limited in extent
(becomes “shut off”), due either to reversibility of the attachment
process (Harvey and Garabedian 1991) or due to limited numbers
of attachment sites (Lindqgvist et a. 1994; Johnson et a. 1995).

Effects of Colloid Attachment M echanismson Peak Shift

The analysis performed using Equation 2 to determine the
expected value of At__, dueto filtration (first-order irreversible col-
loid attachment) is not applicable to situations where Dty isneg-
ative (the colloid isretarded relative to the tracer). As shown in the
analysis of Equation 2, filtration resultsin positive shiftsin At
(Figure 1). In contrast, retardation results in negative shifts in
Otpe- The peak shift analysis cannot separate the effects of these
two phenomena on the breakthrough of colloids. For example, the
similar estimated At and observed At,,.,, for DG2B may resuilt
from various combinations of differential advection of colloids
(positive shift in At,), filtration (positive shift in At ), and
retardation (negative shiftin At,., ). However, what the peak shift
analysis does achieveisthe recognition that observed earlier peak
breakthrough of colloids relative to dissolved tracers may not indi-
cate differential advection of the colloids. The analysisindicates that
differential advection of microspheresrelative to bromide tracer is
indicated only in the data from wells ZVIFS1, ZVIR1-5, and
ZVIR2-5, where the observed TA\ S ismuch greater than the Dtpery
expected from filtration.

Generaly, the difference between the observed peak shift and
the peak shift expected from filtration decreased with distance
from the injection well (Table 1). Thisindicates that any potential
evidence of differential advection of colloids was increasingly
obscured astravel distanceincreased. It can be speculated that the
obscuring mechanism was retardation, by a mechanism that became
significant only over larger transport distancesin the system.
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Figure 6. Three-dimensional plot of relative bromide recovery (I:;
Cg/Cg, dt): (a), total iron (b), and RB, (c) for wellsinsideand outside
theZVI barrier. Well screen intervalsare shown schematically. Wells
ZVIR1-5, ZVIR2-5, and ZVIR1-8 have 15 cm screen intervals start-
ing just above the bedrock, well ZVIR1-6 has a 61 cm screen inter-
val starting from the bedrock, and wells ZVIFS1 and DG2B are
screened over theentirebarrier depth. Distances shown are parallel

and transverseto regional flow.

Microsphere Breakthrough in WellsZVIR1-6 and ZVIR1-8
The peak microsphere breakthrough in ZVIR1-8 apparently

occurred earlier relative to ZVIR1-6 (comparein Figure 4b), despite the

fact that ZVIR1-8 islocated farther from the injection point. However,
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this did not necessarily indicate faster transport of microspheres to
ZVIR1-8 than to ZVIR1-6, since the apparent earlier peak break-
through in ZVIR1-8 may have been due to greater microsphere attach-
ment en route to that well relativeto ZVIR1-6. The greater microsphere
attachment (dueto filtration) en route to ZVIR1-8 wasindicated by the
much lower value of RB for that well (0.000026) relativeto ZVIR1-6
(0.21). Since the microsphere attachment due to filtration shifts the peak
breakthrough to earlier times (Figures 1 and 3), the greater microsphere
attachment en route to ZVIR1-8 may have caused the apparent earlier
microsphere breakthrough in that well relative to ZVIR1-6.

Bromide Mass Recovery and General Flow Direction

WEells ZVIFS1 and DG2B showed relatively high bromide
mass recovery ([g’ Cg//Cg, odt) (Figure 6d), indicating that these
wells were located within the main flowpath through the barrier.
However, only dightly lower massrecovery valuesinwellsZVIR1-
5 and ZVIR1-8, and very low recovery in ZVIR2-5, indicate that
the flow was not symmetric through the barrier, but was skewed to
the north relative to the regional flow. The skewed flow direction
was not likely an artifact of theincreased pumping during sampling
on the west side of the ZVI barrier, since the sample volumes
were small and the sampling frequency was low. The low bromide
mass recovery in ZVIR1-6 relative to the adjacent wells indicated
low ground water flux to that location in the barrier.

Microsphere Relative Breakthrough (RB) and lonic Strength

Thedifferencesin colloid RB among the various wells may be
related to differencesinionic strength of ground water at these loca
tions in the barrier. Figure 6b shows the specific conductance
(indicative of ionic strength) at each well location. The values of spe-
cific conductance were not correlated to well screen length, indi-
cating that the observed variations in specific conductance repre-
sented actual variations in geochemical conditions, rather than
differing extents of ground water mixing due to variationsin screen
length. Figure 6¢ shows qualitatively that colloid RB is high (col-
loid attachment is low) in the wells where specific conductance
(ionic strength) islow (Figure 6b), in agreement with numerous stud-
ies showing that colloid attachment is directly related to solution
ionic strength (Fontes et al. 1991; Scholl and Harvey 1992; Ryan
et a. 1999; Li and Logan 1999).

Conclusions

In summary, comparison of breakthrough of colloidal versus
dissolved tracers must take into account interaction of the colloid
with the porous media. Colloid attachment may shift the timing of
peak colloid breakthrough toward earlier or later times depending
on the mechanism of attachment. Expected peak shifts to earlier
times due to colloid attachment can be estimated using Figure 3, and
compared to observed pesk shiftsin order to determine whether the
observed pesak shifts can be at |east partially attributed to differen-
tial advection. Our resultsin Fry Canyon indicated that physical het-
erogeneity at the grain scale, presumably arising from inability of
the microspheresto enter the smaller pore spaces, contributed to the
differential advection of microspheres relative to bromide in the
PRB. However, this effect was manifested only in the BTCs from
the monitoring wells Situated closest to the injection well in the PRB.
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