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Figure 5-3 displays the relationship between the measured and back-calculated
concentration profiles during an E. coli RS2GFP tracer test on F1 at a specific discharge of 30
m/d. The upper and lower boundaries were measured with 95% confidence using t-statistics, such

that u = ¢- % represents the envelope in which the sample mean will fall 95% of the time. ¢ is
n

the level of significance of a two-tail test, s is the standard deviation of the acquired samples, and

n is the number of samples counted per time interval. The degrees of freedom are n-1.

Figure 5-3 portrays the typical trends of E. coli RS2GFP transport observed at almost all
specific discharges through both fracture samples. Effluent concentrations escalated rapidly near
the beginning of each test, reached a peak, and then tailed off in a gradual manner, suggesting a
non-Fickian transport behaviour. This is highly attributable to preferential flow paths, which
rapidly transport a large portion of the mass. The remaining recovered mass, which is explained
by the elongated tail of the effluent break-though curve, experienced a more tortuous flow path,
encountering reduced velocity regions and a variety of obstacles along the way. All other
breakthrough curves, including both measured and back-calculated concentrations, are presented
in Appendix B. The data presented in the remainder of this chapter pertains to the back-calculated

concentration profiles, unless stated otherwise.

Although most E. coli RS2GFP tracer tests exhibited a breakthrough curve consisting of
early peaks and elongated tails, the amount of mass recovered from each test varied significantly.
The amount of E. coli RS2GFP recovered was determined by integrating the back calculated

effluent breakthrough curve, and compare the recovered mass to the mass that was initially
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introduced to the flow field at the commencement of the test. Table 5-3 details the amount of £.

coli RS2GFP recovered from each experiment.
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Figure 5-3: Measured vs back calculated breakthrough curves for F1 at a specific discharge of 30

m/day

From table 5-3 it is apparent that, on average, F1 retained significantly more mass than F2
in all experiments. This is of interest as the both the aperture field variability (as shown in Table

5-2), and the mean hydraulic aperture are very similar for both fracture samples.
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The aperture field variability was calculated as follows:

cov = Zntite (18)
bm
Mechanisms causing retention are discussed later on in this section.
Table 5-3: Percent recovery of E. coli RS-2GFP
Fracture ID Specific Discharge Percent Recovery Mean Residence Time
[m/day] [%] [min]
F1 30 14.63 148.64
30 6.70 130.00*
10 35.71 390.79
5 6.23 650.00*
F2 30 62.17 177.43
30 51.18 110.00*
10 49.20 281.00
5 9.64 500.00%*

* manually calculated based on peak time of effluent concentration profile due to limitations of
integration techniques

For F2, the recovery of mass displays a very straightforward trend. That is, as specific
discharge decreases, so does mass recovery. However, F1 does not display this phenomenon. A
specific discharge of 10 m/day seems to be a critical point at which E. coli RS2GFP transport is
most facilitated (i.e it experiences the least retention). Differences in the relationship between

specific discharge and percent recovery can be attributed to the fact that different transport
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mechanisms are dominating within each fracture sample. Theoretically, increased specific
discharge: (1) provides less of an opportunity for E. coli RS2GFP to attach to the fracture wall, as
inertial forces significantly exceed attractive forces between the E. coli RS2GFP, and mean
residence times are relatively short (refer to Table 5-4); and (2) introduces larger shear forces,
thus increasing the likelihood of detachment. In essence, it was expected that increased specific

discharges would lead to a higher recovery of mass and a shorter mean residence time.

Explaining why a specific discharge of 10 m/day in F1 resulted in a mass recovery that
virtually doubled that found at 30 m/day involves a deeper look into the retention mechanisms
that are at play. Indeed, specific discharge has a significant impact on retention, but evidently
there are additional factors affecting retention within F1 that, when evaluated in conjunction with
specific discharge, are just as, if not more important than specific discharge. In an ideal fracture
plane consisting of two parallel plates, it would always be true that larger specific discharges lead
to larger recoveries, as variability within the aperture field is non-existent. However, F1, being a
natural fracture plane, hosts a highly variable aperture field which in some form contributed to
the retention at a specific discharge of 30 m/day than at 10 m/day. In beginning to explain this, it
i1s important to note that higher discharges allow biocolloids to sample a larger areal extent
fracture plane, both in the y and z-directions. In other words, biocolloids are primarily and almost
only transported along preferential pathways made up of interconnected large aperture regions at
low specific discharges. At higher specific discharges, however, preferential flow paths expand as
the critical pore entry pressures of smaller aperture regions increasingly become satisfied, and

biocolloids then deviate from the primary preferential flow paths. This allows more opportunities
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for transverse dispersion and therefore more opportunities to sample the entire fracture plane.
Experiencing larger portions of the fracture plane equates to: (1) increased exposure to the
matrix, thus providing a greater chance of attachment onto the matrix, (2) increased colloidal
transport in smaller aperture regions, thus enhancing the opportunity for colloids to migrate to the
fracture wall, and (3) more of an opportunity for E. coli RS2GFP to become lodged in the pore
throats of small aperture regions (straining). Combined, these mechanisms have likely
contributed to the enhancement of bacterial retention in F1 at a specific discharge of 30 m/day.
Based on this phenomenon, it is also likely that there is a difference in the spatial distribution of

flow paths present at relatively high specific discharges versus lower specific discharges.

A second reason that may have contributed to the difference in transport patterns found in
F1 and F2 ties into the fact that fluid flow becomes far more complex as specific discharge
increases. With the fluid moving three times faster at 30 m/day than at 10 m/day, it is likely that
the flow lines stacked along the z-direction begin to deviate from being smooth and parallel (i.e
transitional and turbulent flow). As asperities and small aperture regions are encountered, flow
lines are perturbed, providing E. coli RS2GFP with more of an opportunity to wander from the
center of the aperture towards the regions near the fracture walls. That is, if the system were
modeled, the movement of biocolloids from one flow line to the next would no longer be defined
by a “random walk tracking method”, but would become biased by regions that are relatively
rough. Once again, this phenomenon provides a greater opportunity for E. coli RS2GFP to come

in contact with, and attach onto the fracture wall.
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Figure 5-4 shows that a constant specific discharge resulted in similar shaped effluent
concentration profiles for both F1 and F2. Both profiles display non-Fickian transport, suggesting
a relatively high variability within each aperture field. However, the magnitude of the peaks
found in each concentration profile varies significantly, suggesting once again that specific
discharge, although it influences characteristics such as residence time, is not the dominant

mechanism governing recovery in these experiments.

It is important to note that working with bacteria as a tracer is likely to induce more error
than working with the solute and microsphere tracers. Issues such as survival, sample preparation
and enumeration all contribute to the measure of error, in addition to error sources that also apply

to solutes and microspheres employed in these experiments.
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Figure 5-4: E. coli RS-2GFP breakthough curves at a specific discharge of 30 m/day
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5.1.4 Microsphere Tracer Tests

Applying the same methods and specific discharges used for the bromide and E. coli
RS2GFP tracer tests, the transport and retention of microspheres was determined. Once again, it
was important to differentiate between the measured calculation of microspheres in the effluent
and the actual concentration that exited the fracture plane. This was accounted for using Equation

17.

The trends observed in Figure 5-5, which compares the measured and back calculated
effluent concentration profiles of the microspheres in F1 at a specific discharge of 30 m/d, are
very similar to those observed in the breakthrough curves of the bromide and E. coli RS2GFP
tests. The effluent concentration rapidly reached a peak, and then experienced an elongated tail
due to interactions with the matrix and a highly variable aperture field that induced a tortuous
pathway for the remaining mass. Like the E. coli RS2GFP breakthrough curves, each
microsphere tracer experiment generated effluent concentration profiles that were similar in
shape to that of Figure 5-5. The effluent concentration profiles from the remaining microsphere

experiments in both fractures are presented in Appendix C.

The microsphere tracer tests produced very consistent results. In those tests with a lower
specific discharge, and thus a higher residence time, colloid recovery was relatively low. In other
words, filtration mechanisms were more effective, as a whole, as specific discharge decreased. It
1s highly unlikely that filtration was due to straining because an aperture region small enough to

filter out a particle that is only 0.05 wm would be infrequently encountered along the flow
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pathways in a fracture plane with a equivalent hydraulic aperture greater than 100 wm.
Additionally, the colloids were most likely transported through aperture regions that were much

larger than their diameter. According to O’Melia (1980), for given surface and particle to come in

60%
|
50%
A Measured
40% B Back Calculated
i
o
2 30% 5
&) ] A
A
20%
F'
A mE A
10% i
A
.. A
|
0% -m s Bias mEESE .
0 500 1000 1500 2000 2500

Time (mins)

Figure 5-5: Measured and back-calculated effluent concentration profiles for F1 (q = 30 m/day)

contact one of the following must occur: (1) interception of the particle trajectory, (2)
gravitational settling, or (3) diffusion. Although possible, interception of the particle trajectory

was likely minimal, as most flow regimes employed in this research induce flow lines parallel to
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the fracture wall. However, at lower specific discharges, both diffusion and gravitational settling

naturally become more influential.

The length scale of Stokes settling of a spherical particle, as previously discussed in

Section 2.4.1, is defined as follows:

L, = (ﬁ)(pp - pf)gdzAt

where, d [L] is the diameter of the particle, p, [M/L’] is the density of the particle, Or [M/L?] is
the density of the fluid, w [M/ LT] is the dynamic viscosity of the fluid, g [T/L?] is acceleration
due to gravity and Az [T] is the time interval. Settling only becomes important when the lower
surface of the fracture wall can be reached during the time interval defined by Az. When this
measure is applied to a 0.05 wm microsphere (with a density of 1.05 g/mL), settling would take
on average 23 days to occur in F1, and approximately 18 days to occur in F2. These times
significantly exceed the duration of the tracer tests in which case settling can be deemed an
insignificant retention mechanism. However, it is possible that some microspheres aggregated,
forming a much large unit, in which case settling may have been more prominent. The degree of
aggregation that occurred during the colloid tracer tests remains somewhat ambiguous, and

therefore direct conclusions about the magnitude of settling cannot be made.

Diffusion, however, is undeniably the most important factor with regards to the retention
of microspheres. The influence of diffusion is inversely proportional to specific discharge, which

explains why a higher degree of retention was attained at lower specific discharges. At low
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specific discharges, microspheres were provided more of an opportunity to migrate to the fracture
wall. Once at the fracture wall, microspheres could either attach to the wall, or continue to
migrate into the matrix, at which point they would enter a stagnant flow regime. On a short time
scale, diffusion into the matrix remains an irreversible process until the flow regime changes,
meaning that microspheres migrating into the matrix remained there for the duration of the
experiment. Additionally, low specific discharges allowed microspheres ample time to migrate

into immobile aperture regions.

5.2 Comparing Solute, Biocolloid, and Colloid Tracer Tests

A thorough comparison of the three tracer tests applied in this research must be conducted
to isolate hydrodynamic effects on particle transport. Prior to delineating hydrodynamic effects, it
1s important to extract the primary differences in transport between bromide, E. coli RS2GFP,
and CMP microspheres. Bromide, being a conservative tracer, is strongly influenced by the
physical properties of the fracture plane. A bromide ion is significantly smaller than both E. coli
RS2GFP and the microspheres, and therefore effects such as size exclusion, straining and settling
were negligible. E. coli RS2GFP, on the contrary, is highly influenced by both the surface
properties of the fracture sample, as well as the physical properties of the aperture. During an
experiment, E. coli RS-2GFP can: (1) experience growth and/or dieoff, (2) experience attachment
to or repulsion from the fracture wall, (3) accumulate in small aperture regions where straining
occurs, and (4) aggregate to form a larger unit. The transport of microspheres, like bromide, is

influenced by the physical properties of the fracture plane, but because they possess a finite

65



M.A.Sc. Thesis - M. Schutten; McMaster University - Civil Engineering.

diameter, they may be subject to mechanisms such as straining, settling and size exclusion.
Additionally, microspheres can experience attraction to or repulsion from the fracture wall. All of
these differences must be accounted for when comparing and contrasting the effluent

concentration profiles of each of the tracer types.
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Figure 5-6: Differential transport by comparison of effluent concentration profiles for F2 (q=30

m/day)

The primary intent of using bromide, E. coli RS2GFP and polystyrene microspheres, was
to evaluate the effects of particle size on transport. E. coli RS2GFP is considerably larger in size

than the microspheres employed in these experiments, while the microspheres are significantly
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larger in size than a bromide ion. Comparing and contrasting the resulting breakthrough curves of
each tracer at a given specific discharge permits, to an extent, a means of isolating the influence
of hydrodynamics on particle transport. These comparisons can be found in Figure 5-6.
Interestingly, when examining Figure 5-6, it is noticeable that the peak concentration of each
tracer eluted at the same time, a phenomenon that is highly supportive of the existence of
preferential flow paths. To some degree, each tracer traveled along the same preferential flow
path as the next, permitting early arrival times and thus resulting in similar peaks. However, the
magnitude of each peak differed significantly. As expected, E. coli RS2GFP, being the most
sizeable tracer, experienced the smallest peak. This can be explained by the various retention
mechanisms discussed in section 5.1.3. Bromide experienced a peak larger than that of E. coli
RS-2GFP but somewhat smaller than the peak found in the microsphere effluent concentration
profile. Additionally, the bromide tracer experienced the most tortuous transport pathway, which
explains the elongated tail of the bromide effluent concentration profile. This is likely attributable
to frequent interactions with both the matrix and immobile aperture regions. Comparing recovery
of the three tracers also gives hints as to how hydrodynamics affect particle transport. Figure 5-7
shows that percent recovery in all instances was ordered as follows: Br'> CMP microspheres > E.

coli RS2GFP, proving that particle size influences transport within all flow regimes.

It is noticeable from all the experiments conducted in this research, that E. coli
consistently experienced greater retention than both bromide and the microspheres. Additionally,
the relationship between mass recovery and specific discharge was found to be different for E.

coli than it was for bromide and the microspheres. Classically, it can be expected that increased
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specific discharge results in increased recovery, as particles are given less time to attach or settle,
and increased shear forces encourage the detachment of attached particles. This phenomenon was
exhibited in the bromide and microsphere tracer tests, but not in the E. coli tracer tests. E. coli, in
F1 experienced greater retention at a specific discharge of 30 m/d than it did at 10 m/d, and
experienced the same amount of retention at both 10 and 30 m/d in F2. This can be explained by
the influence of hydrodynamics on particle transport. As specific discharge increases,
hydrodynamic forces increasingly help larger particles overcome the energy barrier (i.e
electrostatic repulsion) between the particle and the fracture wall. Overcoming this barrier allows
particles to enter into a region where collision with and attachment to the fracture wall is
permitted. Hydrodynamic forces, however, have very little impact on the transport of smaller
particles such as the microspheres employed in this research. This phenomenon was far more
prominent in F1 as F2 did not capture the critical specific discharge at which local turbulences

come into effect.
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6. Conclusions and Future Recommendations

Research involving experiments on different aperture fields, at differing specific
discharges, using different sized colloids suggests the following details regarding the influence of

hydrodynamics on colloid transport:

Hydraulic tests revealed a linear relationship between the hydraulic head gradient across
the flow field and specific discharge. Linearity suggests a laminar flow regime, thus
validating the application of the cubic law to define the hydraulic aperture, b;.

d Based on their effluent concentration profiles, solutes, colloids, and biocolloids are
transported in a non-Fickian manner through saturated fractured media at all specific
discharges. Non-Fickian transport supports the idea that there is not a constant centre of
mass throughout the duration of a tracer test.

Both solutes and colloids (including biocolloids) were transported along preferential flow
paths, which covered a larger aerial extent of the fracture as specific discharge increased.
o Based on the mean residence time of bromide in the solute tracer tests, and the drastic
difference in the recovery of the biocolloids in F1 compared to F2 (at each specific
discharge percent recovery of biocolloids in F2>F1) it is likely that F1 hosted more

tortuous flow paths.
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Transport rates, based on the duration of the tracer tests, were ordered as follows E. coli
RS2GFP > CMP microspheres > bromide. This is attributable to the ease at which solutes
and smaller colloids diffuse from the centerline of the flow channel into the immobile
regions adjacent to the fracture wall and/or the matrix (i.e solutes, and to some extent
small colloids follow Taylor dispersion; they sample the entire flow field in the y-
direction). Additionally, solutes and small colloids were able to sample a larger aerial

extent of the fracture plane due to their higher coefficients of diffusion.

For small colloids and solutes, mass recovery increased with increasing specific
discharge. For the larger colloids, which in this research are E. coli RS2GFP, there is not
always a linear relationship between specific discharge and mass recovery. For highly
variable aperture fields, there appears to be a critical point at which specific discharge is
not quite high enough for hydrodynamic forces to significantly exceed the energy barrier
between the biocolloid and the fracture wall, and remains slow enough so that the
preferential flow paths only sample a small portion of the fracture plane (only large
aperture regions), thus limiting the impact of both straining and attachment.

In laminar flow regimes, flow rate is most influential on the transport of solutes and small
particles where effects such as straining and settling are virtually negligible.

The transport of larger particles, such as E.coli, is highly governed by hydrodynamics,
which plays an important role in the coupling of factors such as size and charge exclusion,
and settling. The hydrodynamics forces present at relatively high specific discharges (i.e

30 m/day) allow larger particles to overcome the energy barrier (i.e electrostatic
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repulsion) between the particles and the fracture wall. This permits the first step of
attachment, in which the particle is permitted to collide with the fracture wall. Overall,
increasing hydrodynamic forces allow higher degrees of attachment, and thus promote a
decrease in mass recovery.

Hydrodynamic forces do not affect particles smaller than ~lpm in size (e.g
microspheres), making it difficult for these particles to overcome the energy barrier
required to come in contact with the fracture wall. Less interaction with the fracture wall

limits attachment, and leads to higher particle recoveries.

Specific discharge becomes increasingly important at higher specific discharges for all
particle sizes, as high flow velocities promote detachment, and limit the amount of time

available for diffusion, attachment and settling to occur.

Interaction with the fracture matrix as well as stagnant flow regimes becomes increasingly
important with smaller colloids, as their increased diffusivities promote migration into
these zones. Specific discharge dictates the degree of interaction with the matrix and
stagnant aperture regions, as high average flow velocities limit the amount of time that
colloids can diffuse into these regions. This phenomenon is supported by the microsphere
tracer tests, during which decreased specific discharges lead to increased retention.
Retention of microspheres was primarily attributed to diffusion into immobile aperture

regions as well as the matrix.

In general, all experiments conducted in this research prove that there is a potential for the

rapid transport of colloidal contaminants within fracture environments, including
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pathogenic microorganisms and radionuclides. It is likely that because of their widespread
presence, these contaminants are seeping into fractured systems from sewage lines, septic
beds, and landfills, and are gradually degrading the quality of water in surrounding

aquifers.

Recommendations and Limitations

Evaluate the transport of a colloid containing a diameter greater than 0.05um, yet smaller
in size than E. coli RS2GFP, to determine whether there is an optimum particle diameter
that is primarily influenced by hydrodynamics, and not as bogged down by the influences
of diffusion, as was the case for the microspheres, or settling, straining, and attachment,

as experienced by the E. coli RS2GFP.

In order for the results presented in this research to be translatable to the field, it would be

ideal to mimic field conditions such as water temperature and water chemistry.

Comparing the transport of a colloid that is rod-shaped with a soft cell wall and local
charges, to that of a hard surfaced, spherical particle with a uniform charge does not
minimize the variables involved in isolating hydrodynamic influence on particle transport.
To truly evaluate the impact of hydrodynamics, one would have to make use of particles
(i.e microspheres) that only differ in size, but hold roughly the same charge and shape,

thus making particle size the only variable within a given experiment.
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To expand upon this research, it would be valuable to apply the exact experiments
executed in this research to different rock types. This would help determine whether the
concepts derived from this research can be universally applied to multiple rock types or
whether it is limited to dolomitic limestone.

A possible experimental improvement would be to use pulsation-free pumps to pump
water through the fracture plane to simulate flow within the natural environment.
Although it likely wasn’t significant, pulsing flow may have had an influence on

attachment, as pulses would perturb attached colloids.
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Appendix

Appendix A: Bromide Tracer Tests
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Figure A-1: Solute tracer test HPLC standards response curve for F1 at q=30m/d.
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Appendix B: E. coli RS2GFP Tracer Tests
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Appendix C: Microsphere Tracer Tests
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