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Chances are the quality of your drinking wa-
ter was improved by fi ltration through porous 
media at some point before it reached your 
tap, perhaps naturally by transport through 
the subsurface, or purposefully by passage 
through an engineered sand fi lter. 

Engineered fi ltration processes have been 
utilized for decades, and these processes are 
monitored to ensure the removal of a required 
degree of particles, e.g., colloids (biological 
and non-biological particles ranging between 
a few tens of nanometers to ten microns), 
from water. Filtration is manifest in both natu-
ral and engineered contexts, e.g., by the rela-
tively high quality of spring water, and by the 
diffi culty of targeting the delivery of microbes, 
zero-valent iron, and other colloids with novel 
properties to contaminated locales in the sub-
surface for the purpose of remediation. 

Physicochemical fi ltration is a process 
distinct from physical straining. The latter 
process concerns colloid capture in pore 
throats (spaces between porous media grains) 
too small to pass. Physicochemical fi ltration 
entails colloid removal by association with po-
rous media surfaces under conditions where 
colloids are suffi ciently small to pass through 
pore throats. 

Despite the prevalence of fi ltration in 
environmental media, the physicochemical 
processes governing fi ltration under environ-
mental conditions are not well understood. 
This article demonstrates important deviations 
from existing theory regarding colloid deposi-
tion in porous media, and highlights the need 
to develop colloid transport theories to ac-
count for the behavior described below.

Existing Models

 Existing theories describing colloid fi ltra-
tion in porous media represent physicochemi-
cal fi ltration as being dependent on the col-
loid trajectory relative to the porous media 
grain surface, where deposition occurs only 
for colloids moving along streamlines that in-
tercept the grain surface, and where diffusion 
and sedimentation cause colloids to cross 
streamlines [e.g., Rajagopalan and Tien, 1976]. 
The rate coeffi cient for colloid deposition 
(kf) under favorable deposition conditions is 
dependent on the probability of colloid colli-
sion with the grain surface (η), the porosity of 
the porous media (θ), the porous media grain 
diameter (dc), and the fl uid velocity (v): 

Colloid fi ltration models assume that the rate 
coeffi cient for deposition onto porous media 
is spatially invariant, and that the rate of colloid 
re-entrainment into solution is negligible. Both 
assumptions have been demonstrated appli-
cable under conditions where the colloid and 
grain surfaces are of opposite charge (absent 

electrostatic repulsion), and fi ltration models 
yield accurate predictions of deposition rate 
coeffi cients under such conditions. 

Environmental porous media and environ-
mental colloids carry overall negative surface 
charges, yielding signifi cant electrostatic repul-
sion between colloids and porous media grain 
surfaces in environmental systems. The fact 
that fi ltration is prevalent under environmen-
tal conditions, i.e., conditions where an energy 
barrier to deposition (electrostatic repulsion) 
is present, runs counter to expectations from 
theory, which dictates that signifi cant elec-
trostatic repulsion should disallow colloid 
deposition. 
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Fig. 1. Experimental results for microspheres in (a) glass beads and (b) quartz sand at average 
pore water velocity of 4 m d -1. Effluent breakthrough-elution curves (top rows of Figures 1a and 
1b) and retained profiles (bottom rows) are shown for the 1.1-µm carboxylate-modified micro-
spheres in the presence of an energy barrier (unfavorable conditions) with 0.006 and 0.05 M 
NaCl (left and middle colu mns) and in the absence of an energy barrier (favorable conditions, 
using 0.93-µm amine-modified microspheres in 0.001 M NaCl, right column). Error bars represent 
standard deviations in results from replicate experiments (n ≥ 2). Simulations using the particle 
transport model with a single deposition rate coefficient (single kf , solid curves) are contrasted 
against those using a deposition rate coefficient distribution (distributed kf , dashed curves).  In 
contrast to those of the carboxylate-modified microspheres (left and middle columns), efflu-
ent curves and retained profiles of the amine-modified microspheres (right column) could be 
simulated simultaneously using a single deposition rate coefficient. The influent concentration of 
amine-modified microspheres (1.35 × 107 particles mL-1) was normalized to the average influent 
concentration of carboxylate-modified microspheres (3.5 × 106 particles mL-1). BY W. P. JOHNSON, X. LI, AND M. TONG
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This discrepancy with theory has tentatively 
been ascribed to surface charge heterogeneity 
and surface roughness within environmental 
porous media, which serve to locally eliminate 
electrostatic repulsion [e.g., Elimelech and 
O’Melia, 990]. Alternatively, it has been pro-
posed that colloid deposition in the presence 
of a repulsive energy barrier occurs outboard 
(more distant from the grain surface) of the 
energy barrier, where electrostatic repulsion 
becomes negligible but where van der Waals 
attraction (emanating from fl eeting and/or 
permanent dipoles in molecular bonds) re-
mains signifi cant. This slightly attractive region 
is called the secondary energy minimum, and 
there has been a recent surge of papers cor-
roborating the possibility of colloid deposition 
in this region [e.g., Hahn et al., 2004].

Colloid fi ltration models have been adapted 
to refl ect the presence of an energy barrier 
by introducing an additional parameter, α, 
which represents the probability of deposition 
upon collision in the presence of an energy 
barrier (α< 1). The product of α with η yields 
a reduced deposition rate coeffi cient in the 
presence of an energy barrier relative to 
the absence of an energy barrier for a given 
physical system. The above equation, with α 
included, has been widely utilized to describe 
colloid fi ltration under environmental condi-
tions. The parameter α can be rationalized 
as representing the impedance of deposition 
by the energy barrier or, alternatively, limited 
retention capacity of the secondary energy 
minimum. 

The assumption of a spatially invariant 
colloid deposition rate coeffi cient yields the 
expectation of log linear decreases in colloid 
concentrations (suspended and retained) 
with distance (x) from the source, as shown 
below:

This log linear dependency of colloid con-
centration on distance from the source has 
long served as the basis for estimating the 
transport distance of colloids in porous media 
prior to reduction to a given normalized con-
centration (C/C0), where C0 is the concentra-
tion at the source.

Discrepancies with Existing Models

 A deviation from log linear distributions 
of colloid concentrations with distance from 
the source in porous media has recently been 
recognized for microbes, and was fi rst reported 
for bacteria about a decade ago [Albinger et al., 
1994]. The concentration of retained bacteria 
decreased with distance from the source at a 
rate that was greater than that expected from 
log linear behavior. These hyper-exponential de-
creases in retained concentrations with distance 
from the source indicated that the deposition 
rate coeffi cient was not spatially invariant, but 
rather decreased with distance of transport. 

It was hypothesized that spatial decreases in 
deposition rate coeffi cients are driven by the 
presence of a distribution of bacteria-

Fig. 2. Experimental results for DA001 (bacteria) in (a) glass beads and (b) quartz sand in the 
presence of an energy barrier (unfavorable conditions) with average pore water velocity of 4 m 
d-1. Effluent breakthrough-elution curves (top rows of Figures 2a and 2b) and retained profiles 
(bottom rows) are shown for DA001 in glass beads at various ionic strengths. Error bars repre-
sent standard deviations in results from replicate experiments (n ≥ 2). Simulations are shown 
from the particle transport model using a single deposition rate coefficient (kf) (solid curves) and 
a deposition rate coefficient distribution (dashed curves). The influent concentration (2.0 × 104 ± 
50% cells mL-1) was normalized to 1.0 × 104 cells mL-1 for comparison between experiments. 



sediment interaction energies among the bac-
terial population, such that “stickier” (i.e., hav-
ing a greater tendency to deposit) bacteria are 
retained up-gradient of less sticky bacteria [Al-
binger et al., 1994]. This implies that the bacte-
rial population becomes progressively less 
sticky with increasing distance of transport. 
The observed deviation has since been ex-
tended to other bacteria, viruses and protozoa 
[e.g., Redman et al., 2001]. Recent investiga-
tions demonstrate that hyper-exponential and 
other forms of deviation from fi ltration theory 
(log linearity) are not simply a peculiarity of 
microbes, but instead are fundamental aspects 
of colloid fi ltration in the presence of an en-
ergy barrier [Li et al., 2004; Li and Johnson, 
2005; Tong et al., 2005a, 2005b]. 

The corresponding experiments involve 
introducing a suspension of colloids to a 
packed glass bead or quartz sand column, 
and monitoring the column effl uent during 
injection for three pore volumes (of solution 
containing colloids) and elution (injection of 
colloid-free solution) for an additional seven 
pore volumes. The concentrations of retained 
colloids on sediment were determined at 
the end of the experiment by sectioning the 
columns into segments and desorbing the re-
tained microspheres into pure water.

In the examples given below, carboxylate- 
modifi ed latex microspheres (1.1 µm) (Mo-
lecular Probes, Inc., Eugene, Oregon) and an 
adhesion-defi cient bacterial strain, DA001 (1.1 
by 0.3 µm) were used to represent non-biologi-
cal and biological colloids, respectively, during 
transport in porous media columns (20-cm 
length, 3.81-cm diameter) at an average pore 
water velocity of 4 m d-1. 

The glass beads and quartz sand (417–600 
µm) and the carboxylate-modifi ed micro-
spheres carried negative surface charge under 
the conditions of the experiments; pH 6.92 
(MOPS or NaHCO3 buffer) and various ionic 
strengths (NaCl), thereby creating electrostati-
cally repulsive deposition conditions with 
energy barriers of varying magnitudes. The 
surface charge of DA001 was only slightly 
negative (zeta potential ranged from -3 mV to 
less than -1 mV), and was hydrophilic under 
these conditions.

Microsphere concentrations were determined 
using fl ow cytometry (rapid cell counting tech-
nology) [Li et al., 2004], whereas suspended 
DA001 concentrations were determined using 
ferrographic capture, a high-resolution modi-
fi ed form of immunomagnetic analysis [Tong 
et al., 2005a]. Mass balances were mostly very 
good. For the microspheres, mass balances 
were between 86% and 107%, with the vast ma-
jority ranging between 95 and 100%. For bac-
teria, mass balances were between 70% and 
105%, with the vast majority ranging between 
81 and 100% [Li et al., 2004; Tong et al., 2005a; 
Li and Johnson, 2005; Tong et al., 2005b]. 

Breakthrough-elution curves for colloidal 
transport in porous media in the presence of 
an energy barrier typically display increasing 
retention (decreasing steady state break-
through concentration) with increased ionic 
strength. This expected behavior is demon-
strated in Figures 1 and 2, and is consistent 

with expected compression of the electric 
double layer and decreased distance of sig-
nifi cant electrostatic repulsion with increasing 
ionic strength. 

Unexpected are the shapes of the profi les 
of retained colloids obtained in the presence 
of an energy barrier (unfavorable deposition 
conditions). In Figure 1a, the solid curves 
represent simulations using a spatially invari-
ant deposition rate coeffi cient consistent with 
the mass balance. The experimental retained 
microsphere concentrations decreased 
faster than the simulated (no kf distribution) 
concentrations (solid curves), indicating that 
the deposition rate coeffi cient effectively de-
creased with increasing distance of transport, 
i.e., hyper-exponential deviation from theory. 
Results such as these demonstrate that re-
tained profi les of non-biological colloids also 
deviate from fi ltration theory, and that devia-
tion from fi ltration theory is not a peculiarity 
of microbial populations. 

Simulations using a log normal distribution 
of deposition rate constants (with kf distribu-
tion, dashed curves) produced excellent fi ts 
to the data, reinforcing the hypothesis that 
distributed interaction potentials among the 
population generated the observed hyper-expo-
nential deviation (Figure 1a) [Li et al., 2004].

Deviation from log linear retained profi les 
decreased with increasing ionic strength, and 
was eliminated in the absence of an energy 
barrier (where the microspheres were positively 
charged 0.93-µm-diameter amine-modifi ed 
polystyrene latex microspheres) (Figure 1a). 
This indicates that deviations were produced 
as a result of mechanisms operating in the 
presence of an energy barrier.

It has been well demonstrated in the litera-
ture that profi les of retained bacteria yield 
hyper-exponential deviation from fi ltration 
theory. However, more dramatic forms of devia-
tion of bacterial retained profi les have been 
observed. For example, profi les of retained 
DA001 at various ionic strengths (fl ow rate 
of 4 m d-1) in glass beads showed a dramatic 
shift in form from hyper-exponential to non-
monotonic form as ionic strength increased 
(Figure 2a). Furthermore, the center of mass 
of the retained bacteria shifted increasingly 
down-gradient with increasing elution (not 
shown), demonstrating that under some con-
ditions detachment can signifi cantly increase 
the distance of microbial transport [Tong et 
al., 2005a]. 

Non-monotonic retained profi les have also 
been obtained for non-biological colloids, 
e.g., microspheres in quartz sand (Figure 1b), 
which demonstrates that the form of deviation 
of retained microsphere profi les from log lin-
earity (hyper-exponential in glass beads and 
non-monotonic in quartz sand) is highly sensi-
tive to the system conditions [Li and Johnson, 
2005]. Experiments in these systems also 
show that the extent of non-monotonic devia-
tion from log linear behavior decreases with 
increasing ionic strength, and is eliminated 
under favorable deposition conditions (posi-
tively charged microspheres, 0.93-µm-diam-
eter amine-modifi ed) (Figure 1a). This result 
demonstrates that the non-monotonic form of 

deviation is also driven by processes operating 
in the presence of an energy barrier. 

That the form of deviation from fi ltration 
theory can be highly sensitive to the system 
conditions is also demonstrated by the obser-
vation that retained profi les of DA001 cells in 
quartz sand were hyper-exponential (Figure 
2b), in contrast to the non-monotonic retained 
profi les of DA001 in the glass beads [Tong et 
al., 2005b]. Electrostatic repulsion is not the 
only means of generating an energy barrier 
to attachment. For example, DA001 is near 
neutral in its negative surface charge under 
the conditions examined, which results in 
calculated interaction energy profi les that 
are attractive (electrostatic energy barrier is 
absent). The observed adhesion defi ciency 
(low deposition) of DA001 is not due to an 
electrostatic energy barrier; rather, it is likely 
driven by steric (structural) interactions with 
extracellular polymers on the cell surface 
[Tong et al., 2005b].

Implications of Colloid Deposition-

Reentrainment Dynamics  

The profi les of retained biological and 
non-biological colloids examined here dem-
onstrate that colloid deposition under unfavor-
able conditions is not governed by a spatially 
invariant deposition rate coeffi cient as has 
been traditionally assumed. Rather, the deposi-
tion rate constants vary spatially for biological 
and non-biological colloids under conditions 
where an energy barrier to deposition is pres-
ent, and yield different forms depending upon 
system conditions. 

The retained colloid profi le shapes cannot 
be explained by sediment characteristics that 
would be evenly distributed across a packed 
porous media column, i.e., surface charge 
heterogeneity and surface roughness, since 
the deposition rate coeffi cient would neces-
sarily be constant with distance. The retained 
colloid profi les provide a window into the 
mechanisms governing colloid deposition 
processes in the presence of an energy barrier, 
and their mutability suggests that the process-
es of colloid deposition and reentrainment 
in porous media are more dynamic than has 
been traditionally assumed. 

The profi les demonstrated here also carry 
practical implications. For example, colloid 
deposition rate coeffi cients are traditionally 
utilized for log linear extrapolation of the 
transport distance that would be achieved 
prior to reduction to a given concentration. 
This practice must be reexamined under 
environmental conditions (unfavorable for 
deposition), since deviation from log linear re-
tained profi les would yield inaccurate predic-
tions; e.g., hyper-exponential deviations would 
result in greater transport distances relative 
to expectations from log linear extrapolation 
(the colloidal population effectively becomes 
less sticky during transport). Reentrainment 
(detachment) (shown here for DA001 in 
glass beads) presents another mechanism by 
which colloidal transport can be enhanced 
relative to expectations based on log linear 
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Study of the Arctic Ocean is limited by the 
sea ice and harsh weather that prevent access 
through much of the year. These constraints 
have restricted data acquisition in the past 
and obscured understanding of events, pro-
cesses, and variability of the environment of 
the Arctic Ocean. Breaching this isolation can 
be achieved through the use of new technolo-
gies and the adaptation of existing instrumen-
tation to monitor the shelf and basin indepen-
dent of surface conditions. 

Through much of its history, Arctic ocean-
ography has been dedicated to the study of 
large-scale seafl oor structure, ocean circula-
tion, and hydrographic structure. Recently, 
expedition-based observations have been 
augmented by moored or ice-tethered instru-
ments that provide year-round observations 
during the span of their deployment. With in-
creased knowledge collected over an extend-
ed period, variability has become apparent 
but is not well understood. Permanent seafl oor 
instrumentation is the only way to understand 
this variability (seasonal and annual) in the 
context of what may be rapid climate change 
(annual to decadal).

The scientifi c potential of a cabled seafl oor 
observatory in the Arctic was explored by 
participants of a U.S. National Science Founda-
tion (NSF)-funded open workshop, “Science and 
Education Objectives for a Seafl oor Cabled 
Observatory on the Beaufort Shelf, Alaska,” held 
early this year. Thirty-two people represent-
ing academia, government, private industry, 
and citizens of Barrow, Alaska, participated. 

Discussions of what permanently installed 
seafl oor instrumentation could accomplish 
for science and for Barrow ranged widely 

across the broad spectrum of disciplines 
including chemical, biological, and physical 
oceanography; geology and geophysics; and 
marine mammal and ice canopy studies.The 
key questions and problems addressed includ-
ed, How would a cabled observatory for Arctic 
studies be designed? Where and how it should 
operate? What are the current engineering 
and science constraints for this facility in the 
Arctic? What are the science and education 
objectives for such a project? 

The Beaufort Sea Shelf is a Key Location 

Barrow, Alaska, which is located at the jux-

taposition of the Chukchi and Beaufort seas, 

is ideal for investigating oceanographic pro-
cesses pertinent to basin-scale and regional 
processes.  The Beaufort and Chukchi shelve 
are heterogeneous environments, character-
ized by complex oceanography that dramati-
cally affects the local ecosystem. Because this 
region is particularly sensitive to climatically 
driven environmental changes, understand-
ing the variability and the linkages between 
and within the atmosphere and the ocean are 
necessary to constrain change, to predict how 
it will evolve over time, and to develop plans 
to mitigate the consequences to local com-
munities. 

The regional oceanography sets the stage 
for this facility. The shelf environment is 
heterogeneous and highly variable, dictated 
by the interaction between shelf, slope, and 
basin currents. These currents include fl ow 
through Barrow Canyon, complex and poorly 
understood boundary fl ows along the con-
tinental slope, and the Beaufort Gyre, which 
dominates circulation in the Canada Basin. 

The connections among these current sys-
tems result in mixing and exchanges between 
the shelf and the basin. This complex interac-
tion is infl uenced by water mass modifi cation 
processes associated with the annual freeze/
melt cycle, by winds, and by the steep and 
complicated bathymetry.  The various currents 
transport organic material and nutrients be-
tween regions, which affects ecosystem struc-
ture, function, and chemical cycling. Very little 
is known about these ecosystems, particularly 
with respect to seasonal variation. Observing 
these changes beneath the ice, and through 
the fall and spring seasons, is not now pos-
sible. Permanent installation of oceanographic 
sensors on the seafl oor would make study of 
these complex processes possible.

From the science and instrumentation talks 
at the workshop, three scientifi c foci emerged 
as priorities for the cabled observatory location:

• Barrow Canyon is a conduit for water and 
marine mammals into the deep Arctic Ocean. 
Monitoring of the transport of water and sedi-
ment, and of animal migration, through the 
canyon was seen as necessary to understand-
ing the regional shelf-slope transfer.

• Hanna Shoal, east of Barrow Canyon and 
north of Point Barrow on the Beaufort Shelf, 
is a relatively shallow portion of the seafl oor. 
Flow separation between the eastwardly fl ow-
ing Pacifi c Ocean water and the much larger 
Beaufort gyre shifts across the shoal. Sea ice 
also advances and retreats across the shoal. 
Both of these complex events can be diffi cult 
or dangerous to observe from the surface. 

• Canada Basin, the deep water north of 
the Beaufort Shelf, would make it possible to 
monitor the Beaufort Gyre and provide a quiet 
location for seismometers and cross-basin 
acoustic tomography. 

A suite of oceanographic instrumentation 
was proposed that would provide valuable in-
sights into a wide range of physical, biological, 
chemical, and geological properties, and that 
would take advantage of the infrastructure ca-
pabilities of a cabled observatory (kilowatts of 
power and gigabit-rate data transmission). 

For example, passive acoustic monitoring 
would support comprehensive and continuous 
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extrapolation, since the practice of log linear 
extrapolation also assumes that reentrainment 
is negligible. 

The examples shown here demonstrate that 
the process of colloid fi ltration during transport 
through environmental porous media is surpris-
ingly complex, requiring direct visualization, 
measurement, and simulation techniques to 
investigate pore-scale processes governing fi l-
tration under environmental conditions.
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