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Abstract
In a previous study, a denitrification wall was constructed in a sand aquifer using sawdust as the carbon substrate.

Ground water bypassed around this sawdust wall due to reduced hydraulic conductivity. We investigated potential reasons
for this by testing two new walls and conducting laboratory studies. The first wall was constructed by mixing aquifer mate-
rial in situ without substrate addition to investigate the effects of the construction technique (mixed wall). A second, biochip
wall, was constructed using coarse wood chips to determine the effect of size of the particles in the amendment on hydraulic
conductivity. The aquifer hydraulic conductivity was 35.4 m/d, while in the mixed wall it was 2.8 m/d and in the biochip wall
3.4 m/d. This indicated that the mixing of the aquifer sands below the water table allowed the particles to re-sort themselves
into a matrix with a significantly lower hydraulic conductivity than the process that originally formed the aquifer. The addi-
tion of a coarser substrate in the biochip wall significantly increased total porosity and decreased bulk density, but hydraulic
conductivity remained low compared to the aquifer. Laboratory cores of aquifer sand mixed under dry and wet conditions
mimicked the reduction in hydraulic conductivity observed in the field within the mixed wall. The addition of sawdust to the
laboratory cores resulted in a significantly higher hydraulic conductivity when mixed dry compared to cores mixed wet. This
reduction in the hydraulic conductivity of the sand/sawdust cores mixed under saturated conditions repeated what occurred
in the field in the original sawdust wall. This indicated that laboratory investigations can be a useful tool to highlight poten-
tial reductions in field hydraulic conductivities that may occur when differing materials are mixed under field conditions.

Introduction
Denitrification walls are low-cost, permeable, reactive

walls designed to remove nitrate from shallow ground
water (Robertson et al. 2000; Schipper and Vojvodic-
Vukovic 2001). Microbial denitrification, converting nitrate
to nitrogen gases, is promoted by mixing a carbon substrate
into a shallow aquifer. For denitrification walls to be effec-
tive at protecting downstream receiving water, the wall
needs to intercept and treat as much of the ground water as
possible.

A recent study of a denitrification wall constructed in
a sand aquifer (18% by volume of sawdust) found that
most of the ground water was bypassing under this saw-
dust wall (Schipper et al. 2004). Natural gradient tracer
tests demonstrated that hydraulic conductivity of the saw-
dust wall was 0.48 m/d, whereas the hydraulic conductivity
in the surrounding aquifer material was estimated to be
65.4 m/d. Two potential causes for the loss of conductivity

were identified; the added sawdust grains may have filled
the pores between the sand grains or alternatively the mix-
ing of the aquifer sand, under wet conditions, may have
created a new packing configuration with lower hydraulic
conductivity. Both of these causes could have reduced pore
connectivity and/or porosity, but potential solutions to
these causes differ. If sawdust is blocking the pores, then
a larger particle size of added organic matter may maintain
conductivity. If the mixing of sand under saturated con-
ditions was the cause, then walls built in sand aquifers such
as these need to be constructed once the water table has
been lowered or other engineering solutions found to main-
tain hydraulic conductivity.

In this study, our primary objective was to determine
the cause for the decrease in hydraulic conductivity re-
ported by Schipper et al. (2004). Two smaller denitrifica-
tion walls were constructed at the same site as the initial
study. In an attempt to maintain the hydraulic conductivity,
in one of these walls we mixed in garden chip (chipped
bush and scrub material), a much coarser material than the
sawdust—the biochip wall. A second wall had no substrate
added and consisted of aquifer material only, mixed in
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situ—the mixed wall. This mixed wall was constructed to
determine whether the decrease in hydraulic conductivity
was simply due to the mixing of the aquifer sand under sat-
urated conditions. The distributions of the grain sizes in the
aquifer and in the original sawdust wall were measured.
These distributions were measured to ascertain if sufficient
fine-grained silt-sized materials were present in horizontal
lenses in the aquifer, which when mixed could have
decreased hydraulic conductivity. We monitored ground
water nitrate concentrations and determined hydraulic con-
ductivities of both walls and surrounding aquifer using nat-
ural gradient tracer tests.

A second objective of this study was to test if labora-
tory measurements of the saturated hydraulic conductivity
of refilled cores mixed with different combinations of
organic matter and the aquifer material could be useful to
indicate the expected hydraulic performance in the field.
The laboratory measures of hydraulic conductivities were
compared to the field results from the in situ natural gradi-
ent tracer tests. The sand/sawdust cores were mixed under
saturated and dry conditions. Wet mixing mimicked the
construction technique used in the field for the sawdust,
biochip, and mixed walls, whereas dry mixing mimicked
a dewatering construction technique.

The third objective of the work was to ascertain if
either effective or total porosity is a better parameter to
relate to the hydraulic performance of the materials being
considered for denitrification walls. Effective porosity is
defined as the ratio of the pore space, through which flow
can occur, to the total volume (Bear 1972; Fetter 1980). It
is determined from the total porosity minus the water con-
tent at field capacity (33 kPa) (Ahuja et al. 1984; Timlin
et al. 1999; Suleiman and Ritchie 2001). Field capacity is
the soil water content of a soil remaining in a soil 2 or 3 d
after having been wet with water, and free drainage be-
comes practically negligible (Suleiman and Ritchie 2001).
The term effective porosity can also be called specific yield
or drainable porosity (Bear 1972; Ritzema 1994).

Methods

Construction of Biochip and Mixed Walls
The biochip and mixed wall were both constructed at

the same site and in the same manner as the original saw-
dust wall described by Schipper et al. (2004). Both walls
were 20 m long, 3 m wide, and 3 m deep. An excavator
with a 2-m wide bucket removed the topsoil down to 0.3 m
over a 3-m wide strip. The underlying sand was then
removed down to the water table (approximately 1 m from
original ground level) and stockpiled on the side of the
trench. Fifty cubic meters of biochip material was then
placed in the trench and the excavator bucket used to mix
the biochip with the aquifer sand down to 3 m (i.e., 2 m
into the water table). At times, it was necessary to lift
material out of the trench to provide the excavator space
for the mixing process. This mixed material was later
placed back in the trench. The topsoil was returned to the
top of the trench once the sand and biochip were thor-
oughly mixed. The biochip material included leaves, twigs,

and branches that had been shredded to chips less than
1 cm in length.

The mixed wall had no organic substrate added, and
the aquifer material was mixed in the same manner as
described previously. From cone penetrometer measure-
ments (Geoprobe Systems, Salina, Kansas), a silty/clay
aquiclude was identified at approximately 8 m depth, so
that the 3-m deep walls penetrated 30% of the shallow
water table aquifer.

Physical Characteristics of the Walls and Aquifer
Total porosity of the aquifer, biochip, and mixed walls

was calculated from bulk density and particle density
measurements (McLaren and Cameron 1990) using in situ
cores (103 mm diameter 3 50 mm high) taken from
a depth of 1 m. Particle density was calculated using
a water displacement method (Gradwell and Birrell 1979).
The uniformity coefficient Cu of the particle size distri-
bution, which is used to infer the behavior of hydraulic
conductivity, was calculated from the ratio of the grain
size below which 60% of the sample is finer than (i.e. D60)
to the grain size below which 10% of the sample is finer
than (i.e. D10).

Ground Water Monitoring
Polyvinyl chloride pipes (PVC) (15 mm nominal diam-

eter) with 0.45-mm wide slots over their entire length were
used to monitor ground water nitrate concentrations. Six
ground water monitoring wells (2.5 m deep) were installed
around each of the walls (Figure 1). Two wells were
located 1 m in front of the upstream face of the wall, two
at midpoint in the wall, and two 1 m downstream of the
wall. Wells were installed using a direct push-probe system
(Geoprobe, Salina, Kansas). This procedure involved driv-
ing a 40-mm torpedo probe down to the required depth
using a percussion hammer, jacking the probe out of the
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Figure 1. Location of ground water and natural gradient
tracer monitoring wells for the biochip wall. Injection well is
6.0 m away from the wall. The third arc of tracer monitoring
wells is 4 m from the injection well for the biochip wall and
5 m for the mixed wall.
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ground, and quickly inserting the PVC monitoring well
down the hole. Subsequent pumping of the well until the
water became clear developed the monitoring well.

Monitoring wells were purged to remove at least two
well volumes before a 60-mL ground water sample was
collected. Samples were chilled in the field and then fro-
zen prior to analysis in the laboratory for NO3 concen-
trations using standard autoanalyser techniques (Blakemore
et al. 1987). Samples were collected 49, 79, 140, and 196 d
after construction of the walls.

Natural Gradient Tracer Tests
Two natural gradient tracer tests were conducted within

each wall (test A and B) and also in the aquifer upstream
from the two walls to determine the in situ hydraulic con-
ductivities. The injection and monitoring wells were the
same type and installed using the same procedure as for
the ground water nitrate monitoring wells.

An arc of three monitoring wells, 0.8 m away from the
injection well and 0.3 m apart from each other, was
installed within both walls (Figure 1). Two liters of tracer
(3000 lg/mL KBr and 2500/lg mL of Rhodamine WT)
were injected slowly over 40 min into each injection well.
An audio water level meter was used in the injection well
to ensure that the tracer did not induce ground water
mounding. The tracer was injected using a 60-mL hypoder-
mic syringe connected to 3 m of small nylon tube (5 mm
diameter). The delivery tube was sealed on the end and had
pinholes in the lower 1.5 m. The Rhodamine WT tracer
allowed visual observation to be made of the direction of
the plume in the field. This allowed improved sampling
schedules and better location of additional monitoring
wells to be installed as required.

Ground water samples were taken from monitoring
wells 24 h after tracer injection, and subsequently at
approximately 12 hourly intervals until the breakthrough
curves were complete. To collect a sample, two well vol-
umes were purged from each monitoring well and a 60-mL
sample was collected into a sterile 70 mL bottle using
a hypodermic syringe with a 3-m-long nylon tube (5 mm
diameter) attached. Depth to the water table was measured
using an audio water level meter before ground water sam-
ples were collected. The level of each monitoring well was
accurately determined with survey equipment.

Injection wells for the aquifer tests (15 mm nominal
diameter, PVC) were installed 6 m upgradient of the bio-
chip and mixed wall (Figure 1) for determination of aqui-
fer hydraulic conductivities. Arcs of three monitoring wells
were installed at 0.75, 1.5 m, and either 4 m (biochip wall)
or 5 m (mixed wall) from the injection wells. The same
methodology and equipment used in the wall tracer tests
were used, except that 20 L of tracer were injected in 120
min without ground water mounding.

Bromide concentrations in all well samples were
measured using an ion selective electrode (Metrohm
6.0502.100, Switzerland). The probe was calibrated with
standards covering the range of the measurements using
the method of Abdalla and Lear (1975). The Rhodamine
WT was measured using a spectrofluorimeter (Turner

model 112) with an emission wavelength of 590 nm, an
excitation wavelength of 546 nm, and a slit number of 30.

Hydraulic Conductivity of Laboratory Cores
Hydraulic conductivity was measured using a constant

head permeameter on large (200-mm-diameter 3 900-
mm-long PVC pipes) repacked cores of aquifer sand with
0%, 10%, or 20% (by volume) of sawdust added. The
aquifer sand was collected from the site where the walls
were installed. The same sawdust as used in the original
sawdust wall (Schipper et al. 2004) was used in the labora-
tory experiments. The appropriate amount of sawdust was
premixed thoroughly with the air-dried aquifer sand. The
PVC tubes were either filled with the sand/sawdust mixture
with water to simulate the construction technique used in
the field, or filled dry to simulate construction conditions
as if the ground water was lowered. The sand/sawdust
cores mixed under saturated conditions were constructed
by adding the premixed, air-dried, sand-sawdust mixture to
water in the PVC tube in approximately 3.5-kg increments.
Further agitation, under water, was applied to the cores by
shaking the tubes to simulate the action of the excavator
bucket as used in the field. The inside of the PVC tubes had
a thin layer of sand attached using wax to prevent preferen-
tial flow down the edge of the repacked cores. The flow
rate of the water through the cores was measured until
steady-state conditions were achieved. The head loss gradi-
ent through the cores was measured on individual runs and
was approximately 0.28 m/m.

Physical Characteristics of the Laboratory Cores
Bulk density for each laboratory core was determined

either from three cores (51.4 mm diameter 3 50 mm high)
taken from within the larger soil core or the total soil core
volume used. Total porosity and particle density were mea-
sured as discussed previously. The effective porosity of
each core was determined from the volume of water drain-
ing completely under gravity from an initially saturated
core, divided by the total volume of the core (Fetter 1980;
Suleiman and Ritchie 2001).

Statistical Analysis
Analysis of variance (ANOVA) of the physical proper-

ties and hydraulic conductivities of the soil cores, aquifer,
and walls were completed using either a one-way or two-
way ANOVA (SYSTAT 9, SPSS Inc., Illinois). Post hoc
tests using Bonferroni analysis subsequently tested pair-
wise comparisons where appropriate. Linear regression
was performed using LINEST, in Excel (Microsoft USA,
Redmond, MA). Unless stated otherwise, results are pre-
sented as average 61 standard error and considered signif-
icance at 0.05 level.

Results

Ground Water NO3 Concentrations
The NO3 concentration measured four times over 6

months in the monitoring wells around and within the
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biochip wall showed a slight nonsignificant reduction
between upstream and downstream values. Averaged over
the samplings, the NO3 concentration upstream of the wall
was 43.2 6 4.0 mg N/L, in the wall 0.16 6 0.11 mg N/L,
and downstream of the wall 37.3 6 1.3 mg N/L. This result
is similar to the original sawdust wall (Schipper et al.
2004).

As expected, given that no carbon substrate was added,
there was no NO3 removal in the mixed wall. Average NO3

concentrations upstream of the mixed wall, within the
mixed wall, and downstream were 40.6 6 1.7, 42.1 6 1.8,
and 42.0 6 1.8 mg N/L, respectively.

Natural Gradient Tracer Tests
Hydraulic conductivities were calculated using the bro-

mide data (Table 1). It was assumed that the centroid of the
bromide plume was moving at the average linear ground
water velocity regardless of the effects of dispersivity or
flow geometry. The centroid of the Rhodamine WT plume
was not used as it was retarded compared to the bromide
centroid (Figure 2). Others (Goel 1994; Brown et al. 2001;
Schipper et al. 2004) have also reported similar retardation
of Rhodamine WT. The estimated effective porosities for
the determination of the hydraulic conductivity were based
on the measured total field porosities and the laboratory
ratios of the effective to total porosities. The ratio from the
aquifer sand cores (0.56 of total porosity) was assumed to
represent the aquifer. The biochip wall was assumed to

have an effective porosity of 0.38 of total porosity based on
the average of the wet mixed sand/sawdust cores. The
mixed wall was based on the wet mixed sand cores (0.56 of
total porosity). The average hydraulic conductivity from
the natural gradient tests within the biochip wall was 3.4 6

1.2 m/d and in the mixed wall 2.8 6 0.5 m/d, which were
not significantly different (Table 1). The mean hydraulic
conductivity of the aquifer (35.4 6 5.8 m/d) was signifi-
cantly higher than both these values.

Physical Characteristics of the Walls and Aquifer
The total porosities of the mixed wall and aquifer were

the same and both significantly less than that of the bio-
chip wall (Table 2). The greater porosity in the biochip
wall was attributed to the addition of the wood chip mate-
rial decreasing the bulk density compared to that of the
mixed wall and aquifer.

The particle size distributions in the aquifer and the
sawdust wall were both well-sorted distributions with the
Cu being less than 4.0 (aquifer sand 3.0, sawdust wall 2.8;
Figure 3). The aquifer material has only 1.4% of particles
in the silt size range, with 87.4% being sand-sized class
materials (Table 3). With the addition of sawdust to the
aquifer material to construct the sawdust wall, the fine silt-
sized fraction dropped to only 0.4% and the sand fraction
to 81.0%.

Table 1
Time for Centroid of Tracer Plume to Pass Observation Wells for the Two Tracer Tests within the Biochip and

Mixed Walls and the Single Aquifer Tracer Test, Pore Velocity, Hydraulic Gradient, and Hydraulic Conductivity
(m/d) within Walls and Aquifer

Location Distance (m)
Time to Centroid
of Bromide (h)

Bromide
Pore Velocity (m/d)

Hydraulic
Gradient (m/m)

Hydraulic
Conductivity (m/d)

Within biochip wall
Test A 0.8 188.1 0.10 0.021 1.0
Test B 0.8 58.1 0.33 0.016 4.4

0.8 61.5 0.31 0.014 4.7
Average (standard error) 3.4a (1.2)

Within mixed wall
Test A 0.8 88.2 0.22 0.019 2.5

0.8 63.0 0.31 0.018 3.7
Test B 0.8 42.1 0.46 0.030 3.3

0.8 82.9 0.23 0.025 2.0
Average (standard error) 2.8a (0.5)

Aquifer tracer test
Upstream of biochip wall 0.8 18.4 1.03 0.008 28.1

1.5 23.6 1.52 0.008 41.5
4.0 80.1 1.20 0.008 32.8

Upstream of mixed wall 0.8 31.5 0.57 0.010 12.4
1.5 32.1 1.12 0.008 30.6
1.5 40.1 0.90 0.005 39.3
5.0 69.5 1.73 0.006 63.0

Average (standard error) 35.4b (5.8)

Note: Effective porosities were calculated from the measured total porosities and ratios of effective porosity/total porosity. Values followed by different letters indicate
significant differences between hydraulic conductivity at a ¼ 0.05.
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Hydraulic Conductivities of the Laboratory-Mixed Cores
The hydraulic conductivities of the sand/sawdust cores

were significantly lower when they were mixed under wet
conditions as compared with dry (Figure 4). With increas-
ing the proportion of sawdust, only the hydraulic conduc-
tivity of the dry mixed cores increased. However, due to
high variability, this increase (99.5 to 128.7 m/d) was not
significant.

The hydraulic conductivity of the sand cores when
mixed dry was 71.3 6 20.9 m/d, which decreased, but not
significantly again due to the high variability, to 25.5 6

11.1 m/d when mixed wet (Table 4).

Physical Properties of the Laboratory Cores
The average total porosity of all dry mixed cores was

significantly higher than the overall average of the wet
mixed cores. Independent of the mixing method, the addi-
tion of sawdust (10% or 20%) increased the total porosities
significantly compared to the sand cores. Total porosities
were significantly different only between the dry and the
wet mixing in the sand cores (Table 4).

The effective porosities of the sand cores mixed either
wet or dry were not significantly different. However, there
was a significant difference in effective porosity between
wet and dry mixing with the addition of sawdust. Increas-
ing the amount of sawdust from 10% to 20% did not
increase the effective porosity of the cores. The average
effective porosity of the dry mixed sand/sawdust cores was

approximately 58% of the total porosity. In the wet mixed
sand/sawdust cores, the effective porosity was only 38% of
the total porosity.

The effective porosity was a better predictor (R2 ¼
0.91, standard deviation of the residuals ¼ 17.2) of the
hydraulic conductivity of the laboratory cores than the total
porosity (R2 ¼ 0.56, standard deviation of the residuals ¼
37.1; Figure 5).

Discussion
The large decreases in the hydraulic conductivities and

the nitrate monitoring data suggested that ground water
was bypassing under and around both the biochip and the
mixed walls. The reduction in hydraulic conductivity of
the mixed wall supports the hypothesis that it was the mix-
ing technique used in construction of the original sawdust
wall and not the addition of organic material that reduced
conductivity. The addition of coarse organic material, as in
the biochip wall, while increasing the total porosity (0.56
compared to 0.38) did not significantly increase the hy-
draulic conductivity above that of the mixed wall (3.4 m/d
compared to 2.8/m d).

The aquifer and the sawdust wall have only 1.4% and
0.4% of silt-sized particles present, respectively. This
result indicated that there was not a large amount of silt
present in horizontal layers within the undisturbed aquifer
that could be redistributed during the in situ mixing pro-
cess. Such a redistribution of finer grained materials could
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Table 2
Physical Properties of the Biochip Wall, Mixed Wall, and the Aquifer Sand Using in situ Cores

Location n

Bulk Density (g cm�3) Particle Density (g cm�3) Total Porosity (—)

Mean Standard Error Mean Standard Error Mean

Biochip wall 10 1.10a 0.03 2.51a 0.01 0.56a

Mixed wall 10 1.65b 0.01 2.66b 0.00 0.38b

Aquifer 8 1.64b 0.02 2.70c 0.01 0.39b

Note: Within columns, values followed by different letters are significantly different at a ¼ 0.05.
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result in a reduction in hydraulic conductivity. Rather, it
appeared that particle sizes in the aquifer repacked into a
new configuration when mixed under saturated conditions.
Consequently, the hydraulic conductivity was reduced in
the mixed wall in comparison to the natural aquifer. This
result was supported by the reduction in the hydraulic con-
ductivities in the sand/sawdust cores mixed wet as com-
pared to those mixed dry.

Our laboratory data predict a very large (87%) reduc-
tion in hydraulic conductivity for a denitrification wall
constructed under saturated conditions with 18% sawdust
such as constructed by Schipper et al. (2004). This pre-
dicted level of reduction in hydraulic conductivity would
be sufficient to alert a designer of such a system that the
proposed mixture of materials and method of construction
would not result in a hydraulically functioning denitrifica-
tion wall. Gavaskar et al. (1998) showed that when the ratio
of the Kgate/Kaquifer drops to 0.14, the relative flow through
the permeable reactive barrier drops to only 29% of that
through an unrestricted system.

The hydraulic conductivities measured in the laboratory
were derived without the effect of any overburden material
being considered. It could be expected that overburden
would probably result in compaction in the laboratory cores
causing a decrease in hydraulic conductivity. Further work
is needed to determine the magnitude of this reduction. This
reduction in hydraulic conductivity would probably be
greater in the sand/sawdust cores mixed dry, as compared to
the wet mixed cores, because the dry mixed cores have
a lower bulk density and hence be more susceptible to the
effects of compaction due to the overburden. Additionally,
the wet mixed cores were vibrated and mixed thoroughly to

simulate the field construction conditions; this probably pro-
moted greater compaction in these treatments.

The success of the laboratory investigations to reproduce
the trends in hydraulic conductivity observed in the field
suggests that this type of investigation is a useful to tool to
help predict relative but not absolute hydraulic conductivi-
ties of denitrification walls constructed of various materials.

Effective porosity was a better parameter to relate to
hydraulic conductivity than total porosity. However, the
robustness and applicability of the empirical relationship
derived applies only to the narrow range of material tested.
There is still the need to test this relationship over a signifi-
cantly wider range of aquifer materials, organic substrates,
and mixing conditions to confirm its general applicability.

While hydraulic conductivities and effective porosities
of sand/sawdust cores mixed wet and dry were significantly
different, the total porosities were not different. Total poros-
ity was not a good predictor of hydraulic performance prob-
ably because this measure includes pores that are not
connected and do not contribute to flow. Additionally, some
of the water contained in the total pore space is held so
tightly to the soil surface by surface tension forces that it
cannot contribute to flow. That total porosity is a poor pre-
dictor of hydraulic conductivity agrees with other studies
(e.g., Fetter 1980). However, effective porosity has been
shown to be a good predictor of hydraulic conductivity; for

Table 3
Percentage of Particles in Coarse, Sand, and Silt Size
Fractions in the Aquifer and in the Sawdust Wall

Particle Size Class Sawdust Wall (%) Aquifer (%)

Coarse > 2 mm 18.6 11.2
63 lm < Sand < 2 mm 81.0 87.4
Silt < 63 lm 0.4 1.4

Hyd cond = -0.71 x % sawdust + 22
R2 = 0.60

Hyd Cond = 2.9 x % sawdust + 71
R2 = 1.0
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Figure 4. Hydraulic conductivity (m/d) of sand-sawdust–
mixed cores with increasing amounts of sawdust, mixed either
dry or wet. Error bars are61 standard error.

Table 4
Average (Standard Error) of Hydraulic Conductivity, Total Porosity, Effective Porosity, and Bulk Density

for Laboratory Cores Mixed Either Dry or Wet with Increasing Amounts of Sawdust in the Mix

Ratio of Volume Sand:Sawdust in Cores

Aquifer Sand Only 10:1 20:1

Dry Mixed
(n ¼ 6)

Wet Mixed
(n ¼ 6)

Dry Mixed
(n ¼ 3)

Wet Mixed
(n ¼ 3)

Dry Mixed
(n ¼ 3)

Wet Mixed
(n ¼ 3)

Hydraulic conductivity (m/d) 71.3a (20.9) 25.5a (11.1) 99.5a (16.9) 8.4b (1.8) 128.7a (3.6) 11.3b (4.2)
Total porosity (—) 0.45a (0.01) 0.41b (0.01) 0.55a (0.02) 0.51a (0.01) 0.56a (0.01) 0.53a (0.00)
Effective porosity (—) 0.25a (0.01) 0.23a (0.01) 0.32a (0.01) 0.19b (0.00) 0.32a (0.01) 0.21b (0.01)
Bulk density (g cm�3) 1.48 (0.03) 1.60 (0.03) 1.21 (0.06) 1.31 (0.02) 1.17 (0.02) 1.23 (0.01)

Note: Within a mix of sawdust and sand, values in a row followed by different letters are significantly different at a ¼ 0.05.
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example, Ahuja et al. (1989), Franzmeier, (1991), Timlin
et al. (1999), and Aimrun et al. (2004).

Field hydraulic conductivities were determined from
the natural gradient tracer tests using the measured linear
ground water velocities, hydraulic gradients, and estimated
effective porosities based on ratios from the laboratory
core studies. Like all field tracer tests, we do not have in
situ measurements of effective porosity because no tech-
nique is available for measurement of this parameter under
field conditions. To improve the estimation of hydraulic
conductivity from field tracer studies, further work is
required in determining effective porosity in situ.

Implications
Construction of denitrification walls by mixing the

carbon substrate in situ under saturated conditions is
unsuitable in coarse sand aquifers. A preferred technique
where the subsoil is removed from the trench mixed with
the carbon substrate and then returned into the trench
(Schipper and Vojvodic-Vukovic 1998). This construction
technique requires the walls of the trench to remain open,
and at sites with coarse subsoils keeping the walls stable
could be met by either dewatering or sheet piling (Lindahl
and Warrington 2005) or the use of guar-based slurry
(Calvin et al. 2005) that is displaced upon trench filling.
While these options are feasible, they add significantly to
the construction costs. Denitrification walls built in this
manner may no longer meet their objective of being a
cheap treatment option for shallow ground water nitrate
removal. The construction of permeable reactive barriers
for treatment of pollutants of higher environmental impact
can easily justify additional costs of construction.
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