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ESTIMATION OF HYDRAULIC 
PROPERTIES USING NUMERICAL 
METHODS 

Numerical methods of analysis were used to 
simulate conditions in the surficial and bedrock 
aquifers underlying the study area.Numerical methods 
have advantagesover analytical methods because 
boundary and initial conditions, along with aquifer 
properties, can be varied across the area of interest, 
increasing the degreeto which the models represent the 
conditions found in the aquifer systems. The numerical 
method used in these analyses is the MODFLOW 
model, a three-dimensional finite-difference simulator 
originally documented by McDonald and Harbaugh 
(1988) and updated by Harbaugh and McDonald 
(1996). 

The use of MODFLOW assumesthat ground-
water flow in the fractured bedrock underlying the 
study area can be analyzed (modeled) using a 
continuum approach. (See Freeze and Cherry, 1979, 
p. 73, for a discussion of this approach.) This approach 
involves a representation of the fracture system 
such that values of hydraulic head and hydraulic 
conductivity are continuous within the aquifer system 
and that ground-water flow follows Darcy’s Law (that 
is, flow is proportional to the hydraulic gradient). This 
approach has been found to be valid and useful in those 
casesin which a number of open, hydraulically 
connected fractures are available for ground-water flow 
at the scale of the model simulation (Domenico and 
Schwartz, 1990, p. 83-88). 

Although it is difficult to assessthe degree to 
which the continuum assumption is valid in the study 
area, it is clear from borehole-geophysical logs 
(Hansen and others, 1999) that many water-yielding 
fractures are present with a spacing between 20 and 
50 ft, depending on the orientation of the fracture sets. 
With this spacing of fractures, it is likely that ground 
water flows in interconnected sets of fractures across 
the study area and thus can be simulated as a 
continuous ground-water-flow system. It should be 
noted, however, that the hydraulic properties estimated 
for the bedrock by the continuum approach are average 
values for blocks of the bedrock, and not of individual 
fractures or of the non-fractured block. In addition, 
becauseof the discrete nature of fractures and their 
distribution, the hydraulic characteristics of the 
bedrock system will vary widely, and the local 
movement of water could deviate from the average 
movement simulated by the continuum model. 

The numerical analysis involved a two-step 
process, the first of which was to create a simulation of 
flow in the aquifers at the Meddybemps site under 
long-term conditions (that is, a steady-state condition). 
The result from the steady-state simulation then 
provided a stable initial condition for the second step, 
which involved transient simulation of the MW-1 1B 
aquifer test. These steps were repeated as calibration of 
the aquifer properties proceeded, with the goal of 
improving the degree of agreement of simulated heads 
with measured aquifer heads after each set of changes 
in aquifer properties made during model calibration. 
Aquifer properties were changed during model 
calibration to produce simulated head conditions 
similar to the heads measured in the aquifer both 
before the aquifer test (steady-state simulations) and 
during the aquifer test at well MW-1 1B (transient 
simulations). 

Model Design and Hydraulic 
Properties 

The design of the Meddybemps numerical model 
closely follows the description of the ground-water 
system (conceptual model) presented by Lyford and 
others (1998) and in the description of the study area in 
this report. The principal area of interest is the south 
end of the study area, which includes the southern 
contaminant plume (fig. 2). The extent of the model 
(figs. 1 and 8) is much larger than the areaof interest so 
as to minimize the effect of relatively unknown 
boundary conditions on simulations in the area of 
interest. To simulate ground-water flow, it was 
necessary to assign initial conditions, boundary 
conditions, aquifer properties, and internal sources and 
sinks of water across the modeled area.A rectangular 
grid of aquifer blocks was laid out horizontally across 
the modeled area, and the ground-water flow system 
was subdivided vertically into layers. The horizontal 
extent of the grid across the site is shown in figure 8. 
The modeled area is 40 blocks long along the column 
direction (northwest to southeast) and 35 blocks wide 
along the row direction (northeast to southwest). As 
each block is 50 ft square, the extent of the modeled 
area is 2,000 ft (column direction) by 1,750 ft (row 
direction). By convention, the origin in all MODFLOW 
models is the upper left-hand comer block (column 1, 
row l), which in the Meddybemps model is the 
northernmost comer (fig. 8). 
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The vertical distribution along section B-B’ (line 
of section shown on fig. 2) of the four layers used in the 
Meddybemps model is shown in figure 9. The upper 
two layers represent the surficial (glacial) materials, 
with the top layer (model layer 1) representing the 
uppermost saturated materials. The bottom of layer 1 
was established as 5 ft above the bedrock surface. 
Because most of the surficial aquifer is unconfined, the 
thickness of layer 1 varied across the modeled area and 
this layer was inactive in those areaswhere the 
saturated thickness of the surficial materials was less 
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than 5 ft. Surficial materials vary across the modeled 
area as shown in figure 8 and include coarse-grained 
(sand) glaciomarine deposits on the bedrock ridge to 
the west of the Dennys River, til1, and fine-grained 
glaciomarine deposits of the F’resumpscotFormation 
west of the river. The hydraulic conductivity of layer 1 
varied with the type of surficial material and ranged 
from 30 ft/d for coarse-grained glaciomarine material, 
0.1-0.5 ftid for till, to 0.001-0.01 ft/d for fine-grained 
(F’resumpscotFormation) material. 
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Figure 9. Geologic section B-B’ showing layers used in numerical model, Meddybemps, Maine. 
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Model layer 2 representsthe till that mantles 
most of the bedrock across the modeled area, although 
there are significant absencesin areasacross and 
adjacent to the bedrock ridge (fig. 9). Layer 2 in those 
areasrepresentsthe lower 5 ft of coarse-grained 
deposits and was the uppermost active layer in several 
blocks where the saturated thickness of surficial 
material was less than 5 ft. The bottom of layer 2 is the 
bedrock surface across the modeled area.Hydraulic 
conductivity in layer 2 ranged from lo-30 ft/d for 
sandy material to 1.Oft/d for till. 

The lower two model layers represent the 
fractured bedrock aquifer (fig. 9). Layer 3 represents 
the upper part of the fractured bedrock aquifer, and the 
bottom of this layer was established at 20 ft below the 
bedrock surface. Hydraulic conductivity of layer 3 was 
set almost uniformly to 0.003 ft/d but was increased to 
0.5-l .5 ft/d in the area between wells MW- 10B and 
MW- 11B becausea highly transmissive, high-angle 
fracture (or fracture set) hydraulically connects these 
two wells. Layer 4 representsthe deeper bedrock 
aquifer. Because the depth of active ground-water flow 
in this part of the system in the study area is not well 
known, the hydraulic properties of this layer were 
representedusing variable transmissivity values. 
Transmissivity values for layer 4 generally were 
0.24 ft2/d but increased to 40-120 ft2/d for that area 
between wells MW-10B and MW- 11B with the highly 
transmissive (high-angle) fracture or fracture set. The 
combined transmissivity of the two bedrock layers 
ranged from 0.03 to 150 ft2/d across the model area, 
and the majority of the combined bedrock 
transmissivities were set at 0.3 ft2/d. A value of 
0.3 ft2/d is consistent with values estimated using 
specific-capacity data for low-yielding wells (table 2). 

Vertical leakage between model layers in 
MODFLOW is controlled by the VCONT parameter, 
which is defined as the vertical hydraulic conductivity 
divided by the distance between vertically adjacent 
model blocks (thickness); thus VCONT has units of 
inverse time (day-l). Generally, VCONT values were 
calculated using equation 5 1 in the report by 
McDonald and Harbaugh (1988), which uses the 
hydraulic conductivity and thickness of the two verti­
cally adjacent blocks. Isotropic conditions were 
assumedfor these calculations (that is, vertical hydrau­
lic conductivity values were held equal to horizontal 
values). VCONT values between layers 1 and 2 ranged 
from 4~10~~days-’ for fine-grained material to 
0.39 days-’ for coarse-grained material. VCONT 

values between layers 2 and 3 were almost uniformly 
3x 10S4days“. VCONT values between layers 3 and 4 
were generally 6~10~~days“. During calibration, 
VCONT values were increased to 0.005 days-’ 
between layers 2 and 3 and 1.Odays-’ between layers 3 
and 4 in the region of the high-angle fracture between 
wells MW- 10B and MW- 11B, creating a highly trans-
missive vertical-flow condition in this area of the 
ground-water flow system. It was also found during 
model calibration that it was necessaryto significantly 
decreaseVCONT values between layers 3 and 4 in the 
area around the Smith well to match the observed 
drawdowns in head around this well; VCONT values in 
this area were 1~10~~days-‘. 

Boundary Conditions 

Model boundary conditions include constant-
head blocks around the exterior of the modeled area, 
along the shore of Meddybemps Lake, and along the 
Dennys River and its unnamed tributary to the south 
(fig. 8). Head conditions around the model exterior 
were estimated from surface topography, assuming a 5-
to lo-foot depth to ground water. Head conditions for 
Meddybemps Lake and the Dennys River were based 
on values reported by Lyford and others (1998) for 
April 30,1997. Head conditions along the unnamed 
tributary to the Dennys River were estimated from 
surface topography. The constant-head boundary 
conditions on the exterior of the model, in addition to 
those on the lake shore and the unnamed tributary on 
the southern edge of the model, were used in model 
layers 1 to 4. Constant-head conditions along the 
Dennys River, transversing the central part of the 
model, were used only in layers 1 and 2 of the model 
becausethe surficial material is absentfrom most of the 
streambed. 

Recharge and Wells 

The source of most ground water underlying 
the Meddybemps site is recharge from precipitation. 
Because the rate of infiltration of precipitation is 
generally controlled by soil permeability, the recharge 
rates across the study area were varied by the type of 
material at the surface. An estimated recharge rate of 
10 in/yr was used in areaswith till at the surface, a rate 
of 20 inlyr was used in areaswith sandy material, and 
0.5 in/yr was used in areasunderlain by silt and clay 
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(Presumpscot Formation). The estimates for till and 
sandy material are consistent with rates reported for 
similar geologic settings in Connecticut (Mazzaferro 
and others, 1979). The recharge rate of 20 in/yr that 
was used in the model is somewhat lower than potential 
rates of 24 to 26 in/yr (Lyford and Cohen, 1988) to 
allow for some surface runoff from fairly steep slopes. 
The value for silt and clay was assumedto be very low, 
but supporting information is not available. 

Two domestic wells were included in the 
simulation, the Smith well (row 17, column 25) and the 
Van Wart well (row 18, column 31) (figs. 2 and 8). Both 
domestic wells were estimated to pump 100 gal/d from 
the deeper bedrock layer (layer 4) on the basis of 
steady water-level recovery rates between pumping 
periods in the Smith well (fig. 5) and a single occupant 
in the Van Wart residence. 

Steady-State Calibration and Simulation 

Model simulations of the long-term, steady-state 
head conditions in the ground-water-flow system 
underlying the Meddybemps site were conducted to 
match the geologic and hydrologic observations 
(calibration), and to provide a stable initial condition 
for the transient simulations of the MW-1 1B aquifer 
test. However, it was found that MODFLOW was 
highly unstable in the steady-state mode. This 
instability was the result of the nonlinear nature of 
the unconfined flow conditions in the model, in which 
the saturated thickness of the aquifer depends on the 
head in the model block. This inherently nonlinear 
situation was made even more unstable in the region 
of the bedrock ridge near Stone Road (fig. 2) by the 
large contrast in hydraulic conductivities between 
the overlying sand and the fractured bedrock below. It 
was not uncommon during the iterative-solution 
procedure for the steady-state simulations for wide 
swings to occur in calculated heads in the region of the 
bedrock ridge. These swings created high heads in one 
iteration immediately followed by low heads in a 
second iteration- an oscillation of calculated head that 
never allowed the model to converge to a final solution. 
This model instability occurred in an area of the 
ground-water system where field measurements 
indicated that wells that penetrate the surficial 

materials become dry during some periods of the year, 
indicating a thin, saturated thickness of the surficial 
aquifer as an averagecondition (fig. 9). 

The model oscillation problem could not be 
resolved by adjusting model-solver parameters but 
was overcome by using a transient simulation that 
converged to a steady-state condition over a 1,OOO-
day period. The changes in head during the iterative-
solution procedure were slow becauseof the 
dampening effect of the storage coefficients used in 
the transient simulation to keep the model solution 
stable at each time step (0.5 days). The result, after 
2,000 time steps, is a condition in which the change in 
head, with respect to time, has slowed to the point at 
which the amount of water from storage represents 
only 1 percent of the total flux through the system, and 
inputs minus outputs equal the change in storage. The 
resulting steady-state head solution included several 
blocks in layer 1 along the bedrock ridge that became 
inactive (dry) during the simulation, reflecting the 
small saturatedthickness of the surficial material in this 
part of the ground-water system (fig. 9). 

The results of the steady-state simulation are 
shown in figures 10 and 11. The distribution of 
simulated head in the uppermost active layer across 
the modeled area is shown in figure 10; in some areas 
the uppermost active layer is layer 2, becausethe 
calculated head is below the bottom of layer 1. The 
contoured distribution of head observed in wells also is 
shown in figure 10; these head contours are modified 
from Lyford and others (1998, fig. 9). A comparison 
of the two sets of contours, although limited in area1 
extent, shows good agreement in absolute magnitude 
of head and in the direction of ground-water flow. 
Generally, the primary control on head in the surficial 
material in the area of interest (that is, the central part 
of the model) is the movement of ground water from 
recharge areasin topographically high areasto 
discharge areasalong the Dennys River. To achieve 
a suitable calibration, the hydraulic conductivity for 
layer 2 near wells MW-8S, MW- 10s) and MW- 11s 
(fig. 2) was increased to a value representative of 
coarse-grained materials. Low hydraulic conductivity 
values representative of till were initially assumed 
becauseof the low yields observed from wells MW-8s 
and MW- 11S. These wells may not fully penetrate 
coarse materials, or the coarse materials may not be 
present near these wells. 
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In contrast to conditions found in the surficial 
aquifer, the primary factor affecting the head in the 
deeperbedrock (layer 4) in the area of interest appears 
to be pumping from the Smith well (fig. 11). A well-
developed cone of depression is simulated around the 
Smith well, with a smaller cone developed around the 
Van Wart well. These simulated head patterns 
reasonably match the observed head patterns (modified 
from fig. 11 in Lyford and others, 1998). It should be 
noted that the vertical leakage parameter,VCONT, was 
decreasedsignificantly between layers 3 and 4 in the 
area around the Smith well to simulate the magnitude 
and extent of the observed head pattern as shown by 
Lyford and others (1998, fig. 11). 

The averagedifference between the measured 
and simulated heads (table 4) was about 1 ft, and the 
standard deviation of those differences was about 4 ft. 
The largest difference in head was for well MW-1B 
(fig. 2), a bedrock well on the edge of the area of 
interest. Most of the differences were small; 85 percent 
of the differences in head were between -5 and 5 ft. A 
comparison of well pairs (S-shallow, B-bedrock) 
indicates that the proper direction of head change with 
depth was simulated for five of the eight pairs (fig. 2 
and table 4). In fact, the largest head difference with 
depth, measuredat wells MW-15s and MW-15B, was 
closely matched by the simulated head difference with 
depth at that location. Two well pairs (MW-4S and 4B 
and MW-7S and 7B) show that measured heads 
decreasewith depth near the Dennys River, whereas 
the simulated heads increase with depth. This situation 
may indicate that the effect of drawdown from the 
Smith well pumpage on heads on the opposite side of 
the river may be stronger than is simulated by the 
model. 

Transient Calibration and Simulation of 
Well MW-11 B Aquifer Test 

Calibration of model parameters during the 
transient phase of simulations primarily involved the 
estimation of aquifer storage properties and changes 
to aquifer hydraulic properties in the region around 
wells MW- 11B and MW- 1OB. The type of layer in 
MODFLOW determines the storage coefficient applied 
during a simulation. Layer 1 (the uppermost suticial 
material) was set as a type 1, and an unconfined storage 
coefficient (specific yield) was used. Layer 2 (surficial 
material, primarily till) was set as a type 3, or as a 

Table 4. Observed and simulated steady-state heads for 
wells, Meddybemps, Maine 

[Measured head values are water levels, in feet above sea level, on April 30, 
1997 (Lyford and others, 1998, table 3)] 

Measured Simulated 
Well name head head 

(hm) (hs) 

MW-1B 169.57 179.77 

MW-3B 173.63 170.94 

MW-4S 165.93 166.01 

MW-4B 162.76 169.27 

MW-5S 174.41 175.78 

MW-6s 175.40 179.29 

MW-7S 163.61 163.79 

MW-7B 158.79 166.27 

MW-8s 157.93 157.37 

MW-8B 157.01 156.65 

MW-9S 158.43 161.73 

MW-10s 158.90 161.97 

MW-1OB 157.90 161.04 

m-1 1s 154.99 155.18 

MW-I 1B 155.49 154.95 

MW-12s 177.60 174.90 

MW-12B 174.22 169.49 

MW-13s 159.71 159.52 

MW-14B 178.13 183.02 

MW-15s 166.07 168.50 

MW-15B 155.62 158.70 

MW- 16s 178.16 172.61 

MW- 16B 176.54 172.53 

MW-17s 160.57 160.76 

MW-18s 160.02 161.79 

MW-20s 175.44 173.36 

MW-22B 158.36 159.11 

Average .......................................................... . 

Standard deviation ........................................... 

Difference 
lbhm) 

10.20 

-2.69 

.08 

6.51 

1.37 

3.89 

.18 
7.48 

-.56 

-.36 

3.30 

3.07 

3.14 

.19 
-.54 

-2.70 

-4.73 

-.19 

4.89 
2.43 

3.08 

-5.55 
-4.01 

.19 
1.77 

-2.08 

.75 

1.08 

3.67 

convertible layer. If a block in layer 1 is active, the 
storage coefficient used for the underlying layer 2 is a 
confined storage coefficient. When the head in a block 
in layer 1 drops below the bottom of the block, the 
storage coefficient in the underlying layer 2 block 
converts to an unconfined storage coefficient. Layers 3 
and 4 (bedrock) were set as confined units, and 
confined storage coefficients were used. Specific yield 
(unconfined storage) values used in layers 1 and 2 were 
set at 20 percent. The confined storage coefficient was 
set at 1~10~~for layer 2 and 1~10~~for layers 3 and 4. 
The confined storage coefficient for layer 2 was set 
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lower than that of layers 3 and 4 becauselayer 2 is 
thinner (5 ft) than either layers 3 (20 ft) or 4 (unknown, 
but several tens of feet at a minimum). 

The results of the simulation of the aquifer 
test are presented in figures 12-14, and table 5. The 
observed and simulated drawdown over time at 
observation well MW- 10B during the 24-hour test 
conducted at well MW-1 1B is shown in figure 12. 
Simulation time steps ranged logarithmically from 1 
to 200 minutes. The shapeof the simulated drawdown 
generally matches the observed drawdown curve. 
Major features of the observed response in well 
MW- 10B are the rapid increase in drawdown and 
the equally rapid stabilization of drawdown. To 
simulate the rapid increase in drawdown over time 
in the observation well, which is 205 ft from the 
pumped well, it was necessary to greatly increase the 
transmissivity of the bedrock aquifer (layers 3 and 4) 
between these two wells. This change in aquifer 
properties in the model is supported by geophysical 
evidence (Hansen and others, 1999), which indicates 
that a high-angle fracture (or fracture set) hydraulically 
connects these two wells. In addition to the increase in 
transmissivity between the two wells, it was also 
necessary to decreasethe transmissivity of the bedrock 
immediately around the high-transmissivity zone (to 

/ Observed , 
t 

TIME SINCE PUMPING BEGAN, IN DAYS 

Figure 12. Observed and simulated drawdown at well MW-1OB 
while pumping well MW-11 B, Meddybemps, Maine. 

0.03 ft2/d, corresponding to a hydraulic conductivity of 
3~10~~ft/d) to reduce the drawdown responseobserved 
in bedrock wells outside this zone. (See, for example, 
well MW-22B in table 5.) Although the model was 
calibrated to simulate the responsein MW-22B as if it 
were open solely to the bedrock system, the low 
drawdown in this well may be due to vertical flow from 
the suxlicial aquifer through a local vertical fracture or 
a broken casing seal. Therefore, the calibration result 
of a low hydraulic conductivity zone around the highly 
transmissive fracture may be an artifact of the 
questionable observed drawdown at well MW-22B. 

The stabilization of the drawdown response in 
MW-1OB (fig. 12) required sources of water to sustain 
the pumping at MW-1 1B; the model simulations 
indicate that the likely sources of water were leakage 
from the overlying surhcial materials and flow from the 
Dennys River into the bedrock aquifer. A comparison 
of drawdowns in layer 4 (fig. 13) and layer 2 (fig. 14) 
shows the effects of these two sources on the 
drawdown patterns around the pumping well. The 
steep, elongated cone of depression after 1 day of 
pumping shown in figure 13 is shortened in the 
direction of the overlying constant head block in layer 
2, indicating the simulated downward leakage of water 
from the Dennys River into the bedrock fracture that 
was assumedto extend to the river. The surficial 
materials are thin along this segment of the Dennys 
River, providing a potential hydraulic connection 
between the river and the bedrock fracture, if it 
underlies the river. In addition to leakage from the 
river, the model simulations also indicated that water 
leaking downward from the overlying surficial material 
into the fracture was needed to stabilize drawdown 
induced by pumping of MW- 11B. Because the dip 
angle of the fracture is high (>45 degrees), the outcrop 
of the fracture at the bedrock surface is expected to be 
present near the pumping and observation wells, and 
the vertical leakage parameter VCONT was increased 
to 0.005 days-’ between layers 2 and 3 and 1.Odays-l 
between layers 3 and 4 to simulate this ability to move 
water vertically. 

The drawdown pattern in the surficial aquifer 
(layer 2) after 1 day of pumping is shown in figure 14. 
Although the drawdowns in layer 2 were significantly 
less than those in the fracture (fig. 13), they are areally 
extensive and indicate that water was moving through 
the overlying materials toward and into the fracture, 
providing another source of water for drawdown 
stabilization. As noted earlier, the hydraulic 
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Figure 13. Simulated drawdown in model layer 4 after pumping MW-11 B for 1 day, Meddybemps, Maine. 

conductivity of the surficial aquifer in this area (layer 
2) was increased from initial estimates to simulate the 
drawdowns observed in these wells (table 5) and to 
improve the steady-state head results with respect to 
pre-test conditions. 

The overall magnitude of simulated drawdown 
values was reasonable for the five observation wells 
and the pumped well at the end of the aquifer test 
(table 5). Differences between observed and simulated 
drawdowns at the observation wells can be explained, 
to some degree,by differences in the distances between 
observed and simulated wells (table 5). Additionally, it 
should also be recognized that the drawdown value in 
the pumped well (MW-1 1B) is expected to be larger 
than that of the simulated drawdown in the block 
containing the pumped well, becausethe numerical 
model assumesa distributed pumping source (that is, 
the water is pumped from all of the 50-ft squareblock). 

Head losses at the open well bore (also called entry 
losses) are considered to be negligible at the pumping 
rate of 4.5 gal/min. It is particularly interesting to note 
the greatly reduced drawdown in well MW-22B 
relative to MW- 10B, although it is significantly closer 
to the pumped well than MW-10B (fig. 2). However, 
water levels in MW-22B may not be suitable for 
comparison to modeling results for reasons stated 
earlier. In addition, although not shown in table 5, it 
should be noted that no drawdown was observable in 
bedrock well MW-8B during the aquifer test, even 
though 0.04 ft of drawdown was recorded in the 
shallow well at that location. These observations 
support the view that the major control on the flow of 
water in this region of the bedrock system is the highly 
transmissive fracture set between wells MW- 11B and 
MW-1OB. 
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Figure 14. Simulated drawdown in model layer 2 after pumping MW-11 B for 1 day, Meddybemps, Maine. 
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Table 5. Observed 
hours, Meddybemps, 

Well 
name 

MW-8s ................... 
MW-10s ................. 
MW-1OB ................ 
MW-11s ................. 
MW-11B ................ 
MW-22B ................ 

and simulated drawdown in the pumped we! and observation wells after pumping 
Maine 

Distance to Observed 
pumped well drawdown 

(f-t) (feet) 

202 0.04 
210 .16 
205 1.90 

15 1.12 
0 11.78 

169 .lO 

Simulation Simulated 
distance drawdown 

(feet) (f-t) 

212 0.03 
200 .22 
200 2.12 

12 .71 
12 9.91 

158 .45 

well MW-11 B for 24 

Difference 
(simulated-observed) 

(f-t) 

-0.01 
.06 
.22 

-.41 
-1.87 

.35 

SUMMARY AND CONCLUSIONS 

The hydraulic conductivity of surficial 
materials near the Eastern Surplus Superfund Site 
in Meddybemps, Maine, determined from specific-
capacity tests, ranges from 17 to 78 ft/d for wells 
completed in coarse-grained glaciomarine sediments 
and from about 0.1 to 1.Oft/d for wells completed in 
till. The transmissivity of fractured bedrock determined 
from specific-capacity tests and an aquifer test in 
bedrock ranges from about 0.09 to 130 ft2/d. Relatively 
high values of transmissivity at the southern end of the 
study area appearto be associated with a high-angle 
fracture or fracture zone that hydraulically connects 
two wells completed in bedrock. Transmissivities at six 
low-yielding (less than 0.5 gal/min) wells, which 
appearto lie within a poorly transmissive block of the 
bedrock, were consistently in a range of about 0.09 to 
0.5 ft2/d. 

The estimates of hydraulic conductivity and 
transmissivity in the southern half of the study area 
were supported by steady-state calibration of a 
numerical model and simulation of a 24-hour aquifer 
test at a well completed in bedrock. Model calibration 
indicated an extension of a relatively transmissive zone 
in the surficial aquifer beyond the mapped extent of 
coarse-grained sediments eastward to the Dennys 
River. It was necessary to use high values of vertical 
hydraulic conductivity along the fracture or fracture 
zone that connects the pumped well and an observation 
well to match drawdowns during model calibration to 
the aquifer tests. In addition, modeling results indicated 
that a very low vertical hydraulic conductivity was 

neededto simulate a persistent cone of depression near 
a residential well that may lie within the poorly 
transmissive block of bedrock. 

Considerable uncertainty is attached to estimates 
of transmissivity and hydraulic conductivity deter-
mined by analytical methods becauseof the many sim­
plifying assumptions. Nevertheless, calibration of a 
numerical model yielded values of the hydraulic prop­
erties of the surficial- and bedrock-aquifer system that 
were similar to those determined by analytical methods 
for wells at the Meddybemps site. Numerical modeling 
also yielded estimates of vertical hydraulic conductiv­
ity that would be difficult to determine analytically 
from available data. Generally, the numerical modeling 
results support the conceptual model of ground-water 
flow. The following observations were based on 
numerical modeling: 

l Hydraulic properties within the sutficial materials 
and the fractured bedrock are quite variable. 
Hydraulic conductivities range between 0.001 to 
30 ft/d for surficial materials, and transmissivities 
range from 0.03 to 150 ft2/d for fractured bedrock. 
The high contrast in values in hydraulic properties 
indicate the presenceof preferential pathways for 
water flow in the Meddybemps site that could 
affect the direction and rate of contaminant 
transport at the site. 

l Although low yields in wells MW-8S and MW-1 1s 
indicate that the transmissivity of surlicial 
materials decreaseseastward and southeastward 
toward the Dennys River, model calibration 
indicated that the surlicial materials in this areaare 
relatively transmissive. 
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l The rapid stabilization of the drawdown response to 
pumping at well MW-1 1B indicates that likely 
sources of water are leakage from the overlying 
surficial materials and flow from the Dennys River 
into the bedrock aquifer. Simulation of downward 
movement of water from surficial materials and 
lateral movement from the Dennys River to the 
principal fracture zone yielding water in well 
MW- 1lB produced asymmetric and elliptical 
drawdown patterns in bedrock and surficial 
aquifers. 

l Model simulations indicate that the vertical leakage 
to the deeperbedrock around the Smith residential 
well must be very low to maintain the depressed 
water levels that are observed in nearby bedrock 
wells and in the Smith well itself. The low vertical 
leakage and the low transmissivity of the deeper 
bedrock in this part of the study area is supported 
by the specific-capacity data and head 
observations for wells open to this part of the 
bedrock. The inferred low vertical leakage, in 
combination with the low transmissivity of the 
bedrock in this part of the study area, could 
constrain contaminant transport. VOCs had not 
been detected in the Smith well prior to the spring 
of 1998. The high degree of variability in aquifer 
hydraulic properties, however, must be taken into 
consideration to achieve an accurate assessmentof 
the vulnerability of an individual well to 
contamination. 

The estimates of hydraulic properties presented 
in this report were determined on the basis of available 
specific-capacity data, aquifer tests, and numerical 
modeling done within the time and budgetary 
constraints of the project. Additional aquifer testing 
and further refinement of the model through additional 

calibration might narrow the range of hydraulic 
property values and refine the conceptual flow model 
for the aquifer system; however, the degree of 
refinement neededwill depend on the intended use of 
the information. The information presented in this 
report could be used to estimate ground-water-flow 
patterns and flow rates of water through the aquifer 
system and to assessremediation approaches.Design 
of a ground-water remediation system and simulation 
of solute transport might require additional 
information, particularly the hydraulic properties of 
fractures. 

The numerical model described in this report 
was designed to analyze aquifer tests, evaluate the 
conceptual model of ground-water flow, and refine 
estimates of hydraulic properties for the aquifer 
system. Other uses, such as a design of a ground-water 
remediation system or as a basis for solute-transport 
modeling, may not be appropriate becausefracture 
distribution and properties have been characterized 
only in some areasand other conceptual models of 
ground-water flow may be possible. The 
preponderance of evidence, however, indicates that the 
conceptual model is the most likely interpretation of 
information collected thus far at the Meddybemps site. 
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