APPENDIX 7

Hydrogeological Assessment



Groundwater Occurrence and Flow Pattern

A summary of onsite monitoring well construction data is presented as Table 1 in
Appendix 1. This table also contains ground surface elevations and the approximate
range of water levels (maximum and minimum) observed during the entire monitoring
history through June 2006.

Groundwater on the landfill property occurs within the Satilla formation, generally within
the upper 15 feet below the surface but more commonly within the upper 10 feet. At
some locations and on some occasions, groundwater has risen as high as five feet from
the land surface. Despite the relatively flat topography, water levels have shown
significant variation at individual wells. The typical range has been three to seven feet,
but in wells installed at lower elevations (the GWA-series) water level has varied as
much as 10 to 11 feet. Much of this variation has been a consequence of progressively
drier conditions as discussed in detail in Appendix 9.

There is no evidence for confined conditions in onsite wells and borings. Perched water
may have been encountered in one boring near monitoring well GWA-1, but has not been
documented elsewhere. Thus all occurrences of ground water are assumed to represent
the unconfined water table.

The historic range of water levels in monitoring wells is also shown graphically on the
cross-sections in Appendix 2. As a generalization, the water table has lain within sands
near the northern perimeter and within clays near the southern perimeter, with the
exceptions of the northeast and southwest corners of the landfill footprint. In the interior
of the fill, the water table is likely to cross lithologic boundaries. Near wells GWC-1,
GWC-2 and GWC-3 on the eastern boundary, the water table is apparently within sand at
all times.

On a large scale, groundwater is expected to flow southward and eastward, following
topography from higher land toward swamps and tributaries of Hardin Canal. The site
groundwater contours of Figure 1 (Appendix 1) illustrate the radial pattern of flow
evident at each monitoring event. Groundwater flows away from the landfill, possibly
due in part to the hydraulic influence of discharge to the perimeter ditch, but also due to
its location on elevated topography bounded by wetlands.

The ground water elevation has nearly always been highest at GWC-1, and water levels
have indicated flow toward the western, northern and southern sides of the landfill. Only
on a few occasions has this pattern differed: in late 1986 and early 1987 when water
levels were highest at GWC-7 (southeast), GWA-1 and GWA-2; late 1998 to mid 1999
when levels were highest at GWC-16 (northwest corner), and early 2000 when water
levels were slightly higher at GWC-7 than at GWC-1.

Groundwater Flow Velocity

The velocity of groundwater flow depends on the hydraulic gradient (based on the
difference between upgradient and downgradient water level elevations), the hydraulic



conductivity of the water-bearing zone, and the effective porosity of the material.
Estimates for these factors will be considered in turn.

Groundwater velocity and travel time are subject to a great deal of uncertainty in almost
all large-scale applications for several reasons, largely centered around assumptions of
homogeneity and isotropy. The site materials will exhibit fairly large natural variations in
properties within a sediment type, and horizontal flow will also occur through layers
having markedly different properties. More accurate estimates can be obtained through
mathematical modeling, provided that a large site database of properties is available.
However, even simple estimates based on generalizations can be useful for establishing a
range of expected velocities and travel times.

Porosity

Experimentally determining the effective porosity, i.e. the pore volume that is
interconnected and involved with flow, is considerably more difficult than determining
total porosity. Clay content can reduce the effective porosity of sandy sediments, but has
a vastly greater effect on the interconnection of voids and thus on permeability and
hydraulic conductivity. Clays may also contain a good deal of water that is bound and
does not participate in flow, so the total porosity of clayey sediments can be highly
misleading. For these reasons, values of effective porosity that are “typical” of certain
sediment types are commonly used in groundwater velocity estimates.

For predominantly sandy sediments, the work of Beard and Weyl (1973) provides a basis
for estimating total porosity. That study demonstrates that median grain size plays a
decidedly secondary role, and sorting is the principal determining factor. Sands at the
Dean Forest Road site appear to fall within the well-sorted to moderately-sorted range.
Using charts in the above publication, the total porosity of clean sand at the site should
fall within the 0.39 to 0.35 range. A value of 0.37 is selected as representative.

The values presented in Table 2 of Appendix 1 can be used as a basis for estimating
effective porosity of admixtures of sand, silt and clay. Note that the tabulated values do
not consider sorting, which may largely account for the large ranges given.

When composition falls between categories in the table, a standard practice in many
groundwater-modeling modules is to employ an intermediate value between
classifications and/or a scheme involving the ratio between effective porosities for
different size classes.

Employing those methods and the tabulated mean values, we find the ratio of effective to
total porosity for fine sand (ne/n) is 77%. Applying that ratio to our initial estimate of
0.37 for total porosity yields an effective porosity of 0.28 for clean onsite sands. Most of
the site well logs describe the admixtures as simply sandy clay or clayey sand, but more
recent logs consistently describe materials as “sand, some clay” or “clay, some sand”
which would place the subordinate component in the 20% to 35% range. Assuming a
median value of around 28% clay in clayey sand and 28% sand in sandy clay, and



computing effective porosity as (dominant % x dominant ne ) + (subordinate % x
subordinate n, ) yields the following values for effective porosity:

Clayey Sand: ne=0.72 (0.28) + 0.28 (0.06) = 0.22
Sandy Clay: ne=0.72 (0.06) + 0.28 (0.28) =0.12

As noted earlier, shallow ground water near the northern boundary of the landfill
primarily moves through clayey sands, while that near the southern and western
boundaries mostly moves through sandy clays. These material-specific porosity values,
along with similar estimates for hydraulic conductivity, can be applied to computation of
groundwater velocity estimates for different locations and directions of travel.

Hydraulic Conductivity

Average values for hydraulic conductivity, based on testing a varied assortment of site
materials, are sometimes used in estimates of flow velocity. This is not appropriate where
the sediments are as varied as those on the present site, and where flow from the fill area
is predominantly thorough different materials in different directions. To obtain accurate
estimates of flow velocity, onsite data should be related to the sediment types involved.

Slug tests have been performed on the site property to estimate hydraulic conductivity on
two separate occasions.

In 1992, Atlanta Testing and Engineering drilled 15 borings and installed temporary
piezometers within the footprint of the landfill and the area to its west. That work was
documented in “Report of the Dean Forest Road Landfill Site Assessment”, May 5, 1992,
Rising-head slug tests were conducted in borings B-3, B-7, B-8, B-9, B-14 and B-15. The
locations of those six borings are shown in Figure 10 in Appendix 2. The boring logs and
slug test results are shown in Appendix 11.

In 1998, Geo-Environmental Consultants, Inc. drilled 26 borings in two areas. The results
were presented in “Site Acceptability Study for the Dean Forest Road Landfill
Expansion”, Hussey, Gay, Bell & DeYoung, November 2000. Six of the borings were
placed in an area to the west of the present fill and close to background wells GWA-3, -4,
-5 and -6; those borings have been shown in Figure 9. The remaining borings were
apparently drilled in a larger study area south of the property and extending south of
Hardin Canal. Rising-head slug tests were conducted in temporary piezometers screened
in various materials at all but one of these locations. The hydraulic testing results from
the 1998 investigation are shown in Appendix 11.

Hydraulic conductivity was also determined from laboratory tests on samples in
connection with the 1998 study, but those results are not considered here. The testing
procedure (ASTM D5084) is designed to determine properties related to vertical flow,
and thus is pertinent to estimating infiltration. Hydraulic conductivities determined by in-
situ methods such as slug tests involve primarily horizontal flow, and they measure



properties of a larger “sample” of the subsurface materials including more-permeable
layers. Thus the results can be several orders of magnitude larger than the vertical
hydraulic conductivity for the same material.

The results of the testing discussed above are presented in Table 3 of Appendix 1.
Although most of the tests are not within the boundaries of the landfill itself, the types of
materials encountered in borings farther west and south appear to be typical of those
found in the immediate vicinity of the landfill. The benefits of including additional data
to obtain more representative values for sediment types appear to outweigh any doubts
about their locations.

The logs and screened intervals of each piezometer were inspected, providing the basis
for the sediment description that accompanies the hydraulic conductivity results. Where
more than one material was intercepted by a well screen, the more permeable layer was
given preference if it occupied most of the zone because that material will dominate the
test results. In some cases where the less-permeable layer was substantial, that is also
indicated.

The rising-head data plots and analyses were also reviewed for the quality of the data and
the correspondence between test results and expected values for those types of materials.
On that basis, the results marked with an asterix were excluded from further
consideration. The excluded tests may have been affected by piezometer construction or
boundary conditions that prevented an accurate test.

Table 4 shows the remaining test results sorted by lithological descriptions for various
sand, silt and clay mixtures. Geometric means and maximum values are also presented
for each sediment type. Geometric mean must be used in preference to the more common
arithmetic mean (average) because hydraulic conductivity presents a log-normal
distribution; arithmetic averages would always disproportionately reflect the largest
values. The geometric mean G is defined as:

1/n
G(a,a,,...a,) = {Hai} = ffa, xa, x..xa,
i-1

The box in the lower right corner of Table 4 gives the resulting representative hydraulic
conductivity values for different sediment types at the site. These values are based on the
mean values in the table except for two types:

1. The hydraulic conductivity of sand and clay (approximately equal
proportions) or clayey silt was based on the geometric mean of the
representative values for clayey sand (expected to be higher) and sandy clay
(expected to be lower). There were only two test results for that material
description, and the mean value appeared to be out of line with those for finer
and coarser types.



2. For clean sand, there was only one valid test result, and the hydraulic
conductivity seemed anomalously low - less than that for slightly clayey sand
or silty sand. The chart in Beard and Weyl (1973) that relates permeability
(darcies) to grain size for various sorting factors was used, assuming a
moderately-sorted fine-grained sand. The resulting estimate of 5.8 x 10-3 cm/s
was expected to be higher than warranted for site materials, which are likely
to have some fines present, so the geometric mean of that value and the single
test result was used. That gave a value of 9 x 10-4 cm/s, and this is close to the
median for fine sands in general.

When used with groundwater gradients in different directions, the material-specific
porosity and hydraulic conductivity values should allow a moderately accurate estimate
of flow velocity.

Gradient

Figure 11 shows a variety of flowpaths for groundwater flowing radially away from the
center of the site, using the contours of May 2006 as a typical representation of
groundwater flow directions.

Table 5 in Appendix 1 shows the lengths of the flowpaths from the highest point to the
downgradient well, the wells used to determine groundwater elevation differences, and
the average and maximum groundwater elevations for those wells based on the entire
period of record (not based on the date-specific contours in the figures). The elevation of
water at GWC-1 was used as the upgradient point because contours indicate that
groundwater elevations near the center of the radial flow should be similar.

Velocity

Groundwater velocity is expressed as

where K is hydraulic conductivity, i represents the hydraulic gradient (dimensionless),
and ne is the effective porosity. The computed average and maximum groundwater
velocities for flow in different directions are shown in Table 5, using values of porosity
and hydraulic conductivity specific to the shallow saturated materials nearest to the
downgradient wells.

The average gradients and flow velocities along each flow path are shown in Figure 11.
Figure 12 presents the maximum recorded gradients and velocities.



The results indicate that the average flow rates are fairly similar in all directions, being
somewhat higher toward the east (0.21 feet/year) and north (0.16 feet/year) and less in
other directions (around 0.12 feet/year).

The maximum flow rate is greatest toward the north (0.69 feet/year), possibly reflecting
the influence of the northern perimeter ditch, which is closer to the presumed peak
elevations of groundwater.

These are very low flow rates indeed, reflecting both the low hydraulic conductivities of
clayey sediments and the low gradient over most of the site. Even if the highest
maximum groundwater flow rate were taken to be typical, it would take nearly 15 years
for ground water to travel 10 feet.

One last consideration is worth mentioning. Computed ground water flow velocities that
take into account material-specific properties are based on average descriptions from well
logs. Thin layers of sand are always a possibility in this environment, and may have been
missed during sampling. Likewise, changes that are not visually significant can affect
hydraulic conductivity and flow velocity by an order of magnitude. Thin layers could
present a very localized pathway for more rapid horizontal flow. However, layers of that
sort are very apt to pinch out and disappear laterally, and are not capable of transmitting
large volumes of water in any case.

Potential for Vertical Flow

The potential for vertical groundwater flow was assessed by comparing well
constructions and water level data for three pairs of wells (well clusters). One well in
each of the clusters was screened at a deeper level than the adjacent well. Two of the
pairs (GWC-17 and 17A, GWC-19 and 19A) are on the northern perimeter of the landfill,
and one (GWC-15 and 15A) is on the western perimeter.

Figure 13 in Appendix 2 shows construction diagrams for the three pairs of wells, and
includes the schematic depths of formations described in the logs along with the
approximate maximum and minimum water levels based on the entire monitoring record.
All wells are plotted on the same vertical elevation scale.

Although the soil descriptions are very similar in each case, the elevations of contacts
between units differ by about 3.5 to 4.0 feet for the two northern pairs. These wells are
only a few feet apart, so any differences must be attributed to sampling intervals (if not
continuous) or individual views about where transitions occur. This serves as a caution
about taking an overly literal approach to well log information.

At each well cluster, adjacent screened intervals overlap by around 2.0 to 2.5 feet. The
shallowest well screen intercepts the range of water level fluctuations in each case, while
the deeper well does not.



Figures 14, 15 and 16 present the history of water level fluctuations at these well pairs.
Differences on the order of a few hundredths of a foot should be neglected as within
measurement or survey error.

In Figure 15, it is apparent that there is no potential for significant differences in gradient,
and therefore no vertical flow at any time near GWC-17. Water level elevations have
been essentially identical at all times. However, Figure 13 shows these wells to be
screened in the same material at different depths, despite differences about the location of
contacts. It is somewhat doubtful that consistently-measureable gradients could develop
in a single unit over this vertical range, although that would depend to some degree on
the permeability of the clayey sand screened by the wells.

At GWC-15 and 15A, there have been significant differences in water level, at times
approaching one foot. The pattern is not consistent; sometimes the shallower well has
higher water levels and sometimes the deeper well does. In recent years, the deeper well
has had higher water levels most of the time. That would theoretically indicate a potential
for upward flow.

Figure 12 shows these two wells to be screened in different sandy clay units that may
differ only by color. In any case, the lower permeability of this material could permit the
development of larger vertical gradients.

More likely, water level differences could be caused by thin, partially confining layers
that were not seen in logs, combined with other factors. For example, the typically
shallower water level in the shallower well could be influenced by ground water
discharge to the adjacent ditch. As will be seen in the subsequent section, the original
dredged base of the ditch is about 6 feet in elevation, and recent ditch water level near
GWC-15 was at 7.3 feet elevation. Those depths intercept the upper part of the well
screen at GWC-15A, but not at GWC-15.

Occasional periods when water was higher in the shallow well could reflect periods of
heavier rainfall that would take longer to reach deeper zones, especially if the material is
clayey. Occasions when the shallow well had higher water levels than the deep well, or
when the difference was less, often corresponded to water level peaks and thus maximum
precipitation.

Water levels in the GWC-19 and 19A pair were closer to the same on average than the
previous pair, but differences were present and on one occasion, when water levels were
relatively high, the deeper well was over 1.5 feet higher. Once again, these wells are both
screened in material with similar descriptions, but here it is clayey sand. The descriptions
may have overlooked thin confining layers, however. At this location also, the ditch
water level elevation (approximately 8.4 feet) intercepts the shallow well screen interval
but not that of the deeper well. Although downward flow is suggested at times by the
differences in gradients, there is no consistent pattern favoring that direction and
temporary communication issues within the unit are more likely to be responsible at this
location.



Based on the above analysis, prolonged downward flow in the vicinity of the northern
and western landfill perimeters does not appear to be likely.

Influence of Perimeter Ditches

Shallow groundwater flowing beneath the landfill may discharge to the perimeter ditch
system. The ditches were constructed primarily to control surface runoff from the fill, but
they also might intercept possible contaminants from leachate if present in the uppermost
portion of the groundwater regime, and could affect groundwater contours by
emphasizing a radial flow pattern. The fundamental radial flow pattern is almost certainly
produced by surrounding lowlands, however.

To investigate discharge to the ditch, comparisons were made between water levels in
wells and water levels at adjacent or nearby locations in the ditches. To permit
comparisons on the eastern and southern sides, stream gauges SG-1 through SG-6 were
installed at locations shown in Figure 1. The elevations of these gauges were surveyed,
and measurements in wells and ditches were made on two occasions, May 9 and June 20,
2006. These water level elevations are contained in Appendix 13, Table 1.

In addition to stream gauging, water level elevations were measured in wells and the
adjacent ditch at three locations on August 9, 2006. The locations were on the western
and northern sides of the landfill where no stream gauges were present. The selected
wells were GWC-15 and 15A on the northern part of the western perimeter, GWC-19 and
19A on the eastern end of the northern perimeter, and GWC-14 near the northeast corner.
The GWC-17 cluster could not be used because ditch water levels were too low to
measure.

These spot elevation measurements were accomplished by determining the difference in
elevation between the well reference point and the water in the adjacent ditch, using a
level and tripod. Water levels were then measured in the wells, permitting comparison of
elevations. The measured elevations for August 9, 2006 are included in Appendix 13,
Table 1.

Figure 17 (Appendix 2) shows recent water levels in the ditch (SG-1 and SG-2) and wells
(GWC-1 and GWC-2) on the east side of the landfill. Also shown is the six-foot dredged
elevation of the ditch bottom (Gene Prevatt, personal communication.) Despite the lowest
recorded water levels occurring in the past few months, the water elevation in the wells is
over one foot to two and one-half feet higher than in the nearby ditch. Therefore, there is
a potential for flow from the groundwater near the wells, located between fill and ditch,
to the ditch.

Figure 18 shows similar water levels in wells (GWC-4, 6 and 7) and ditch gauging
locations (SG-3, 4 and 5) on the south side of the perimeter ditch. In this case, only the
most recent groundwater levels are likely to have fallen below the water levels in the
ditch. This is a result of the very low precipitation in the months prior to the readings.



Figure 19 shows similar water levels on the north perimeter, at well clusters GWC-
15/15A and GWC-19/19A, and also at GWC-14. The ditch level readings are only for a
single day. These suggest that only in the early part of 2006 did water levels fall below
the level of the ditch water level elevations at locations GWC-15 and GWC-19. Only at
GWC-14 were ditch water levels consistently above the water table.

While ditch water level elevations are for only the days indicated, the water levels in the
ditch are not likely to change as much as those in wells. The groundwater has a history of
varying by four to six feet near the ditches. In comparison, water has been seen the
ditches at most times so is not likely to be lower than the ditch bottom. The highest water
elevation in the ditches is limited by flows toward points of discharge in addition to bank
height. Ditch water may partly come from groundwater discharge, but also from runoff
and shallow seepage from surface soils. Thus, the water levels in the ditches may remain
above those in nearby wells for some time after the water table has fallen below the ditch
elevations.

Beyond the most recent dates, the present study sought to define the relationship between
the entire range of historical groundwater elevations and probable ditch water levels. The
ditches are seldom dry and the maximum water levels in ditches are limited by discharge,
so it should be possible to define an approximate “typical” ditch water level based on the
recent observations. Actual water levels in the ditches might become a foot lower or
higher than these representative values at times, but they can serve as a very approximate
indicator.

The typical ditch water level was defined for the length of the east and south perimeters
based on recent measurements. Levels appear fairly uniform along those segments. Water
levels along the perimeter ditch in the northern half of the landfill appear more complex
due to the drainage pattern and the north-south ditch junction near the center, but the
observed levels were used to define typical elevations at those points. Typical ditch water
levels were then plotted along with the range of water levels in nearby wells, as seen in
Figures 20, 21 and 22.

Groundwater at GWC-1, GWC-2 and GWC-3 appears to be consistently above the
probable ditch water level elevation. At GWC-4 in the southeast corner, the groundwater
level appears to be below the ditch level about half the time.

Along the south ditch segment, groundwater levels have fluctuated in a manner similar to
GWC-4: prior to October 1998, groundwater was generally higher than the typical ditch
level, but after that date it was frequently below the ditch level. The extremely low
groundwater levels seen recently at GWC-8 are certainly the product of dewatering in the
adjacent borrow area combined with drought. The drastic plunge for other wells in the
last data point is likely to reflect progressive drought and also a seasonal effect - water
levels were not routinely measured in the summer, but this data point was from late June.

Apart from the northeast corner (near GWC-14), water levels in the northern part of the
perimeter ditch appear to have been consistently below the groundwater elevations at



corresponding locations until the most recent measurements. Again, the recent low levels
are not typical and probably are caused by drought. Water levels at GWC-14 have been
anomalously low for a long time, as can be seen in the semiannual groundwater contours.
The cause is unknown, but possibilities include survey errors or possibly groundwater
withdrawals from the shallow zone at a neighboring property.

The perimeter ditch on the west side of the Southwest landfill quadrant remains to be
considered. By the time of the recent investigations, wells GWC-10 and GWC-11 had
been removed, and only AMW-1 and AMW-2, corresponding “paired” wells on the
outside of the ditch, remained to monitor groundwater on that side. This area is of interest
because GWC-10 and GWC-11 had elevated metals in the past. Surface water gauging
was not done in this area.

Figure 23 shows well completions and geological materials for the two pairs of wells in
this area, along with the schematic position and depth of the ditch. This figure is used to
evaluate relative elevations only, and there is no horizontal scale. The maximum and
minimum water levels shown indicate a potential for groundwater flow to intercept this
ditch at most times and to under-run it at others. (Note that the very latest and
exceptionally low water levels at AMW-1 and AMW-2 are not included in the indicated
range, only those that have corresponding measurements in the former wells inside the
ditch.)

Groundwater flow beneath the ditch appears more likely at the southern well pair, and in
reality that situation largely reflects the consequences of fairly recent dewatering in the
adjacent borrow area. The lithology presents an added aspect to the flow situation: at
times when the water level was lowest and most likely to flow under the ditch,
groundwater coming from the landfill was flowing in sandy clay rather than clayey sand,
and thus would be moving very slowly, on the order of 0.1 to 0.5 feet per year according
to estimates presented above.

Figure 24 presents the entire water level history for the paired wells on the west side.
GWC-8 and GWC-9, which lie to the south and to the north of the paired wells, are also
included. Water levels in GWC-10 and -11, and in AMW-1 and -2 were above the
presumed 6-foot dredged elevation of the ditch bottom nearly all the time until October
2004, when GWC-10 and AMW-1 began to decline as the adjacent area was mined and
dewatered.

All conclusions about flow to the ditch ultimately depend on the permeability of the ditch
walls and material that has settled on the bottom, factors that are hard to assess. If these
materials are not less permeable than surrounding soils, flow into the ditch is likely
whenever groundwater levels exceed ditch water levels. At times when ditch water is
higher, the flow could be in the opposite direction — discharging from the ditch to the
groundwater — and the ditches might serve as a partial barrier to lateral flow by raising
the water level in their immediate vicinity.



In general, a comparison of elevations and water level history suggest that some degree
of groundwater discharge to perimeter ditches is likely along most of the northern and
eastern sides of the landfill, and may have been happening on the western side also until
the past few years. Along the southern boundary, groundwater may discharge to the ditch
at times and under-run the ditch at others.



