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1.

INTRODUCTION

This document presents a brief review of groundwater information for the St. Regis
Superfund Site, located in Cass Lake, Cass County, Minnesota. This review was prepared
in advance of a five-year review by USEPA Region 5.
This review is based on reports, tables, and figures provided by USEPA and its support
contractor Tetra Tech. It did not include any collection of field data or predictive
simulations, instead focusing on data synthesis, reduction, and analysis. The materials
from USEPA included some of the documents prepared by International Paper,
Champion, and their consultants over the life of the project.
The primary goals of this review were to determine whether the groundwater remedy is
achieving hydraulic capture of the plumes at Operable Units 1 and 3 (OU1 and OU3),
whether there are data gaps that might suggest a need for additional monitoring, and any
additional information that might be useful in evaluating the groundwater remedy. OU1
refers to the former wood treating area running east-to-west parallel to the railroad. OU3
refers to the City Dump area. (Note that the 1995 five-year report [USEPA, 1995] refers
to the City Dump area as OU2, but that other documents (before and after) refer to the
City Dump area as OU3. This document always refers to the City Dump area as OU3.)
Total polynuclear aromatic hydrocarbon (tPAH) and pentachlorophenol (PCP) are
indicator constituents in this review. For this review, tPAH is the sum of carcinogenic
PAHs (cPAHs) and non-carcinogenic PAHs (nPAHs). The sum of cPAHs plus the sum of
nPAHs will be called tPAH in this report, the sum of cPAHs will be called cPAH, and the
sum of nPAHs will be called nPAH. (Note: The abbreviations "nPAH" and "ncPAH"
sometimes denote nitrogenated and non-carcinogenic PAH, respectively, but not here.)
Table 1-1 presents Minnesota's Recommended Allowable Limits (RALs) for PCP, cPAH,
and nPAH (according to the 2004 Annual Report [International Paper, 2005]). The
drinking water MCL for PCP is now 1 ug/L [USEPA, 2002].
The sections in this report follow:
• Observed vs. Planned Pumping Rates
• Potential at OU3 for Downward Migration from Upper to Lower Aquifer
• Evaluation of Heads at OU1 and OU3 between Water Table and Base of Upper Sand
• Inferred Hydraulic Capture Zone from Head Contour Maps in Annual Reports
• Inferred Hydraulic Capture Zone from Reinterpreting Head Data—Method 1
• Inferred Hydraulic Capture Zone from Reinterpreting Head Data—Method 2
• Stratigraphic Evaluation at OU3
• Evaluation of Concentration Data Relative to Estimating Hydraulic Capture
• Summary and Conclusions
• References
Most figures and some tables in this report should be viewed in color.
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Table I-1. RALsfor the principal contaminants of concern at OU1 and OU3
[International Paper, 2005J. Note that the MCLfor PCP is 1.0/Jg/L [USEPA, 2002].
Constituent
OU1
OU3
PCP

\Q\Qfjg/L

220/ig/L

cPAH

0.028 ng/L

0.28 /Jg/L

nPAH

0.30 jug/L

0.30 jug/L

tPAH (cPAH + nPAH)

0.328 /Jg/L

0.58 fjg/L
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2.

OBSERVED VERSUS PLANNED PUMPING RATES

The planned pumping rates have been reported several times. A July 8, 1992 letter from
Barr to the Minnesota Pollution Control Agency [Barr, 1992] included attachments
describing capture zone modeling analyses for OU1 and OU3. These attachments, which
were based on a site-specific model using the SLAEM computer code, examined capture
zones under 3 scenarios at OU1 . This work predicted capture under all of the scenarios,
with the pumping rates ranging from 90 to 105 gpm at OU1 . The OU3 attachment
indicated that capture could be accomplished pumping only 2 extraction wells and with
approximately 40 gpm. The OU1 and OU3 analyses used the Dupuit-Forchheimer
assumption, an aquifer base approximated at elevation 1270 ft, hydraulic conductivities
of 200 ft/d and 300 ft/d, and a regional gradient of 0.0015 and 0.001 (based on Figure 2-3
of the Barr letter attachments), respectively. The different scenarios examined only the
effects of different pumping schedules (i.e., what rate at which well). The variabilities in
parameter estimates that were acknowledged in the attachment were never incorporated
into scenarios for analysis.
Other documents have addressed the values of hydraulic conductivity. (Note that
hydraulic conductivity is sometimes called "permeability" in reports.) Groundwater
modeling reports [Barr, 1996a-c] use "calibrated hydraulic conductivities [of] 46.41
feet/day locally and 100 feet/day globally". The 2002 data evaluation report prepared by
Tetra Tech [2002, pg. 147] indicates that the upper portion of the upper aquifer ranges
from IxlO' 3 to 9xlQ- 2 cm/s (about 3 to 250 ft/d), and as high as 1 cm/s (about 2800 ft/d)
in the lower portion of the upper aquifer.
To assess the variability in OU1 pumping rates that might be expected based on the
variability in parameters acknowledged in the 1992 attachments, the classical analytical
solution for capture by an equivalent single well in a steady-state regional flow system
was applied with different key parameter values. The basic equation is

where Q is the pumping rate in gpm, K is the hydraulic conductivity in ft/d, B is the
average saturated thickness (the average static water level in the OU1 area minus the
aquifer base elevation) in ft, J is the magnitude of the regional groundwater gradient, w is
the desired width of the capture zone measured perpendicular to the regional groundwater
gradient and through the center of the equivalent well, and the coefficients 7.48 and 1440
convert ft3 to gallons and days to minutes, respectively. The leading coefficient of 2 is
present because in the standard capture zone equation, Q= KBJW , IV is the fully
developed up-gradient width of the capture zone, which is 2 times w, the capture zone
width at the equivalent well.
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Table 2-1 shows the required pumping rate for several scenarios for the parameters K, B,
and J. Variations in K were determined by adding and subtracting 100 ft/d to the K
values described in the 1992 attachments (200 ft/d at OU1 and 300 ft/d at OU3).
Variations in aquifer thickness B were based on different thicknesses reported across the
former wood treating area, and J is perturbed according to the range of hydraulic gradient
given in the 1992 attachments. The width of the eastern boundary of the wood treating
area is about 1100 ft and is used as w. As can be seen, the pumping rate can vary in direct
proportion to these parameters. Certain of the perturbations are believed more likely than
others and are shaded in the table; the scenario most consistent with the SLAEM
assumptions [Barr, 1992] is shaded in green. The median likely estimate is 119 gpm, and
likely estimates range from 64 to 219 gpm. The base case is 103 gpm.
A similar set of calculations has been made for OU3, assuming no interference with OU1
and using the basic assumptions of the Barr letter attachments. In this case, the desired
width w is 575 ft. The Barr letter attachments use a value of 300 ft/d for K, 50% more
than used at OU1. According to Table 2-2, the base case estimate of flow rate required to
capture is 54 gpm, with a median likely rate of 62 gpm and a likely range of 33 to 115
gpm. The likely rate determined here is about a quarter more than the 40 gpm used in the
Barr letter attachment.
The sum of the base cases of these simple estimates for OU1 and OU3 is 157 gpm.
Another set of pumping rates was reported in the 1996 modeling study performed by Barr
Engineering for Champion [Barr Engineering, 1996c]. The rates stipulated in the
predictive simulation modeling report are given in Table 2-3. For purposes of this
document, they will be called the "design rates".
Figure 2-1 shows the actual pumping rates as a percentage of the design rates for areas
OU1 and OU3 (aggregated over all pumping wells) over the past 5 years, as reported in
Annual Reports. The figure shows that OU3 has seen a marked increase in actual
pumping during the past 2 years, attaining the design rate. On the other hand, the
pumping rate at OU1 has been approximately constant at about 75% of the design rate.
Figures 2-2 and 2-3 show the pumping rates by well as a percentage of the design rate for
areas OU1 and OU3, respectively, over the past 5 years.
Figure 2-2 shows that Wells 403 and 408 are consistently outputting much less water than
anticipated by the design. Wells 401 and 406 show a fair amount of variability from year
to year, which may reflect well maintenance. Note that the average pumping rate at wells
located along the northernmost half of the north-south line of 400 series wells on the east
end of the former wood treating area, 403 and 409, has been 19 gpm, 63% of design. The
southern portion—comprising wells 405, 406, 407, and 410—pump 96% of the design
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rate of 38 gpm. This indicates that the northern portion of the line of extraction wells is
significantly under-producing, relative to the design rates.
Figure 2-3 clearly shows the benefits from recent well maintenance activities at OU3,
raising pump discharge from about 50% of design in 2001 to about 100% of design in
2004.As may be seen, beginning in 2003 the extraction rate at OU3 was 90% of the
design rate or greater. Prior to that OU3 was pumped at 40 to 71% of design rate. The
five-year average pumping rate for OU3 was 29.8 gpm, or 71% of design.
For OU1 as a whole, the pumping rate was quite consistent, between 70 and 81% of the
design rate, attained 83% of design in a single year, but never reached 90% of design
rates. The five-year average was 74% of design.
Further discussion of the pumping rates relative to design is postponed until discussion of
capture zones inferred from head contour maps.
Table 2-1. Sensitivity of capture zone required pumping rate calculation for OUl. Base case is
indicated by green-shaded cell. Llikely alternatives are indicated in yellow-shaded cells.

K, ft/d

100
200
300
400
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B,ft
28
30
32
28
30
32
28
30
32
28
30
32

0.0010
32
34
37
64
69
73
96
103
110
128
137
146

/
0.0015
48
51
55
96
103
110
144
154
165
192
206
219

0.0020
64
69
73
128
137
146
192
206
219
256
274
293

Table 2-2. Sensitivity of capture zone required pumping rate calculation for OU3. Base case is
indicated by green-shaded cell. Most likely alternatives are indicated in yellow-shaded cells.
If tt/U
ft IA
A,

100
200
300
400

D ft
/),
11

/
0.0015
25
27
29
50
54
57
75
81
86
100
108
115

0.0010
17
18
19
33
36
38
50

28
30
32
28
30
32
28
30
32
28
30
32

CA

57
67
72
76

0.0020
33
36
38
67
72
76
100
108
115
134
143
153

Table 2-3. "Design rates " per Barr Engineering 1996c].
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Well

Design Rate, gpm

401

5

402

5

403

15

404

0

405

20

406

5

407

8

408

20

409

15

410

5

411

0

2401

7

2402

15

2403

20
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Figure 2-1. Pumping rates at OU1 and OU3 for the last 5 years, compared to design rates.
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Figure 2-2. Percentage of design actually attained at each OU1 well in each of the past 5 years (one
curve per year).

Subterranean Research, Inc.

OU3 Well Pumping Rates
120

0)

I
c

• 2000
• 2001
[>2002
A 2003
•^2004

g>
'

10
0
W2401

W2402

W2403

Figure 2-3. Percentage of design actually attained at each OU3 well in each of the past 5 years (one
curve per year).
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3.

POTENTIAL AT OU3 FOR DOWNWARD MIGRATION FROM UPPER
TO LOWER AQUIFER

The till layer between the upper and lower aquifers appears to be continuous and
competent below OU1. The well log for MW-3, at the west of OU1, does not indicate the
presence of the upper till, which some may interpret as evidence of a break in the till.
However, this well was drilled in 1936 and the driller's log provides only textural labels
(e.g., sand) and no depositional information (e.g., till). As a result, it is not believed to
provide a contradiction. Curiously, the log for the nearest well, W-302, indicates a thick
upper till. One purpose for this well was to identify the upper till, so we give its log much
greater weight than the much older MW-3 log.
On the other hand, earlier studies have provided evidence that the till may be intermittent
or even missing near OU3. It is potentially possible, therefore, for downward migration to
occur from the upper aquifer into the lower aquifer. According to MDH [2003], a 1985
"Supplemental RI/FS" prepared by Barr for OU3 indicated that neither an upward or
downward gradient could be supported by data.
To assess this conclusion, head data from the 2000 through 2004 Annual Reports have
been examined for this study. Three pairs of wells at OU3 were identified that could
provide evidence regarding vertical flows—MW 2129 and 2329, MW 2135 and 2335,
MW 2134 and 2334, and MW 2101 and 2333 (the last two are close to each other, though
not actually a pair).
Unfortunately, there are no data from MW 2334 during these five years and in 2004 a
measurement from either MW 2129 or 2329 was missing. So, only three pairs of wells at
OU3 were reviewed. As Table 3-1 shows, 15 of 18 paired data from the past five years
indicate that the head in the lower aquifer exceeds the head in the upper aquifer, while 2
show the opposite, and 1 indicates no difference.
Therefore, hydraulic information for the past 5 years indicates that groundwater flow is
upward, and not downward, at OU3. It should be noted that the 3 extraction wells are
screened in the upper sand and will tend to induce upward flows.
During this same time period, chemical analyses of samples taken from deep aquifer
monitoring wells W2301, 2326, and 2335 have detected nPAH of up to 0.20 |lg/L (at
W2326); all are below the RALs. It can be hypothesized that there was downward
chemical migration, despite the hydraulic data. On the other hand, it should be noted that
data going back to 1987, the year in which the pump-and-treat system went online,
indicate nPAH detects in every one of those same wells (plus W2325) of up to 16 (ig/L
(in 1992 at W2326). It can be hypothesized, therefore, that the chemical contamination
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detected in the lower aquifer during the past 5 years is residuum from events in prior
years. The data are insufficient to resolve these questions.
Only one of the well pairs used for the hydraulic comparison is located on the southern
half of OU3, where the potential for discontinuous or missing till is greatest. The
historical data suggest that the upward gradient between the lower and upper sands is
greatest at this well pair, possibly reflecting discharge of the upper sand into the surface
water bodies. However, no well pair exists south of the extraction wells, the direction in
which upper sand head contour maps suggest local flow may occur (see Sections 5
through 7).
It would be prudent to measure heads in at least one well pair located near the southern
edge of OU3 obtained to obtain periodic verification that the head in the lower sand
exceeds the head in the upper sands. As no such well pair currently exists, an additional
monitoring well would be required to accomplish this verification. If the lower till is
missing at such a location, facies changes may be used to properly locate the screen. The
vertical elevation of the screen in the upper sand should be considered in conjunction
with other needs (e.g., see Section 4).
A new lower aquifer well located near the former source area may have a greater chance
of revealing any downward migration through sampling and chemical analysis. However,
it should be noted that the poorly characterized topology of the upper till increases the
probability that an alternative, non-intuitive pathway from upper to lower aquifer via
"holes" in the upper till may be operative.
Table 3-1. Comparison of heads between upper and lower aquifers at paired wells at OU3 during
past 5 years. Green-shaded cells indicate higher of the paired wells and yellow-shaded cells indicate
a tie. Data from Table 4 of Annual Reports.
CITY DUMP Well Pain
Lower
2329

4/2000 Heads, ft MSL
Upper
Lower
101.16
130047
130189
1301.69
"1301
130235
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4.

EVALUATION OF HEADS AT OU1 AND OU3 BETWEEN WATER
TABLE AND BASE OF UPPER SAND

The potential for vertical flow components within the upper sand was evaluated at OU1.
Heads at 5 well pairs were obtained from the 2000 through 2004 Annual Reports [BanEngineering, 2001, 2002; International Paper, 2003, 2004, 2005] and were evaluated to
determine if there is a pattern of vertical flow components within the upper aquifer. A
head difference of 0.02 ft or less is considered negligible, because the measurements are
reportedly conducted to 0.01 ft error each. No head data for MW 113 were found in the
record, reducing the number of useful pairs to 4.
As Table 4-1 indicates, the result is mixed at OU1. Usually downward vertical flow
components are found at MW 105 and MW 112, while upward vertical flow components
are found at MW 115 and, usually, MW 118. Note that there appears to be seasonality in
head differences at MW118—upward in spring and no vertical gradient in fall—but these
5 years only have 2 autumnal monitoring events, so it is not possible with these data to
perform a statistical assessment.
At OU3, only 1 well pair within the upper aquifer is available. As Table 4-2 shows, there
is one instance in these data in which the shallow well has higher head than the deeper
well, and that was only by 0.03 ft. There is one apparent error in the head data. There
appears to be effectively no head difference between the shallow and deep monitoring
wells in the upper aquifer. This one well pair at OU3 is located east of the extraction
wells. In fact, only one monitoring well at OU3 screened at the base of the upper sand is
monitored.
Because the ability to monitor the gradient between upper and lower sands exists (Section
3) and can supplement the intra-aquifer paired head data, it does not appear necessary to
add any shallow/deep well pairs within the upper sand at OU3. However, given the
experience at OU1 that contamination is most often encountered at the base of the upper
sand, the number of water quality monitoring wells at the base of the upper sand at OU3
is inadequate.
Therefore, the upper aquifer well of any new paired upper/lower sand wells (see Section
3) should be installed at the base of the upper sand. If the lower till is missing at such a
location, facies changes may be used to properly locate the screen.
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Table 4-1. Comparison of heads between shallow and deep paired wells at OU1 during past 5 years.
Green-shaded cells indicate higher of the paired wells and yellow-shaded cells indicate essentially
tied paired wells. Data from Table 4 of Annual Reports.
TRTMT AREA Well Pair
Shallow
Deep
MW105
MW112
MW113
MW115
MW118

MW205
I MW212
MW213
1 MW215
MW218

2000 Hea ds. ft MSL
Shallow
Deep

4/2001 He ds. ft MSL
Shallow
Deep

1302.04

1302.31
130177

129947
130284

301.30
30087
30060
300.75
30278

130085
1303 52

1301 93
130161
1301 21
130144
1304.57

10/08/2001 h eads, ft MSL
Shallow
Deep
1301 53
1 300 73
130040
130331

1301 23
1300.79
1 300 53
1300.81
130329

5/2002 Heads, ft MSL
Shallow
Deep

5/2003 Heads, ft MSL
Shallow
Deep

4/2004 Heads, ft MSL
Shallow
Deep

10/2004 Heads, ft MSL
Shallow
Deep

1302.01
1301 17

j
|

1300.77
1299.90

1302 15
1301,14

1301.82
1301.50

•

1300 77
130270

~

130097
1303.57

'

1301 43
1301 10
130031
1301.08
1303.74"

I
J

1300 10
1301 95

1300 10
129972
129948
1300.36
130297

130059
130215

1301.27
130097
130071
1300.93
1302.24

301 72
301 38
301 75
301.36
303" 58

Table 4-2. Comparison of heads between shallow and deep paired well at OU3 during past 5 years.
Green-shaded cell indicates higher of the paired wells, yellow-shaded cells indicate essentially tied
paired wells, and red-shaded cell indicates potential error in reported data. Data from Table 4 of
Annual Reports.
CITY DUMP Well Pair
Shallow
Deep

2000 Hea ds, ft MSL
Shallow
Deep

4/2001 He ids, ft MSL
Shallow
Deep
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10/8/2001 Heads, ft MSL
Shallow
Deep

5/2002 He ids. ft MSL
Shallow
Deep

5/2003 Heads, ft MSL
Shallow
Deep

4/2004 Heads, ft MSL
Shallow
Deep

10/2004 Heads, ft MSL
Shallow
Deep
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5.

INFERRED HYDRAULIC CAPTURE ZONE FROM HEAD CONTOUR
MAPS IN ANNUAL REPORTS

This section focuses on the hydraulic capture zone in the upper aquifer as interpreted
using figures from reports previously authored by Barr Engineering and/or International
Paper. For the interpretive purposes of this section, these figures are accepted as-is;
concerns regarding the figures are withheld until the end of the section.
Barr Engineering prepared three groundwater simulation modeling reports [Barr, 1996a,
b, c], presenting an analysis of the response of the upper aquifer to extraction well
pumping at OU1 and OU3. Figure 5-1, below, is a scanned copy of a figure from Barr's
predictive simulation modeling report [Barr, 1996c], which shows the predicted hydraulic
capture zones and the contamination zones for OU1 and OU3. The figure shows clearly
that the predicted capture zone width at the eastern edge of OU1 (measured north-tosouth) is more than 3 times the width of the indicated contamination zone. For OU3,
Figure 5-1 indicates that the capture zone was predicted to be more than twice as wide as
the indicated contamination zone. The figure also shows that the streamlines predicted by
the simulation model near OU3 bend from west-northwesterly to northerly—that is,
flowing directly toward the south across OU3 and discharging into Fox Creek.
Annual monitoring reports prepared for 2000 through 2004 [Barr, 2001, 2002;
International Paper, 2003, 2004, 2005] have included contour maps of groundwater heads
in the upper aquifer. Figures 5-2 through 5-8 below are scanned (best-available to us)
copies of figures from those reports; annotations have been added, as discussed below.
However, none of the Annual reports provide estimated hydraulic capture zones. Given
the head contours provided in the Annual Reports and assuming the groundwater
streamlines are perpendicular to head contours (i.e., the upper aquifer is horizontally
isotropic with respect to groundwater flow), streamlines can be inferred as curvilinear
lines that are perpendicular to contours using the principles of flow nets.
One consistent feature of upper sand head contour maps for all 5 Annual Reports is that
the regional groundwater flow direction in the area of OU3 is not toward the south and
directly discharging to Fox Creek, as predicted by the simulation modeling study. There is
some discharge to the creek, but the general direction is to the east-southeast and toward
Pike Bay. That is, the observed heads suggest flow directions that are greater than 60°
different than the directions predicted in the modeling reports. Given the differences in
direction and capture zone width between the simulation modeling study and the contour
maps developed from observed heads, inferences drawn in the 1996 predictive simulation
modeling study should be substantially "deweighted". As shall be seen by comparing
Figure 5-1 with Figures 5-2 through 5-8, the simulation modeling study grossly overpredicted the capture zone extent, providing additional reason to deweight the simulation
modeling study.
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The contour maps of heads in the upper sand appearing in the 2000 through 2004 Annual
Reports indicate a dynamic flow system. The 2003 and 2004 Annual Reports also show
flow lines inferred from the head contours; the 2000 through 2002 Annual Reports do not
show flow lines, so they were inferred for this review. From the flow lines, a hydraulic
zone of capture was estimated for each head contour map. The figures below also include
an estimate of the extent of contamination included in the 2004 Annual Report
[International Paper, 2005].
These figures indicate that on-property capture at OU1 is nearly complete in all 5 years,
with the exception of October 2004. In this case, it is difficult to identify a capture zone
from the reported head contours. On-property, up-gradient capture at OU3 is mostly
complete in 2000, 2003, and 2004. Although the figures show impacts in the upper sand
at OU3 due to the extraction wells for 2001 and 2002, the capture zones that can be
inferred do not encompass the majority of the on-property, up-gradient area. The area
enclosed by the plume boundary (as defined in Figures 7 and 8 of the 2004 Annual
Report) appears to have been effectively captured only in April 2000 and October 2004.
In fact, the May 2002 map shows little impact by the extraction wells at OU3 on upper
sand head contours.
Before attaching a sense of finality to these results, it must be noted that the head contour
maps presented in the annual monitoring reports are not without problems.
1. The reports do not say how the maps were drawn; significant changes are
apparent among the various years. Interpretation of the methods used was made
more difficult by inconsistently describing or posting which data were actually
used to develop the contour maps.
2. In some reports the head data were extrapolated far outside the region in which
measurements were obtained (e.g., Figure 3 of the 2001 Annual Report).
3. Some of the individual contour lines do not appear to be physically meaningful,
yet are located within the target capture zones.
These impact the evaluation of the hydraulic capture zone in several ways, such as the
following:
1. In the 2000 report, for example, it appears that at some monitoring well
locations the shallow water table well would be used, at others the base-ofupper-aquifer well would be used, and at others some average is used. This is
important at OU1 in particular because there is generally a difference between
the heads at the top and bottom of the upper aquifer (see Section 4 of this
report). Since most of the higher plume concentrations appear to be located
near the bottom of the upper aquifer, rather than at the water table, head data
from the deeper wells in the upper aquifer should be used. In some locations
this may lead to a reduction in the number of data available or used for
constructing the contour map.

Subterranean Research, Inc.

14

2. Only two of the seven contour maps in the five Annual Reports indicate any
impact due to pumping at well 408. Note that well 408 was planned to be one
of the two most prolific wells in the remedial pumping system.
3. The head contour map for April 2004 (Figure 5-7 below) has a dramatic,
almost closed, loop in the contour line south of MW 105 and MW 205, near
well 403. This is inconsistent with other contour lines because it seems to show
a strong head depression—even though extraction wells at other locations (e.g.,
wells 405 and 409) have greater pumping rates and, it would be expected,
should have greater drawdown cones. Using different contour line values may
lead to differently shaped contours on the map and, more importantly, may lead
to different inferences about groundwater flow directions (needed for flow line
and capture zone estimation).
4. Other years' maps also have some unusual kinks and/or loops in head contour
lines that are questionable and may lead to incorrect inferred flow directions.
For example, the April 2001 map (Figure 5-3) shows areas of groundwater
upwelling in the immediate vicinity of the OU1 extraction well line. It also
shows an anomalous point just south of MW 115 and MW 215. The October
2001 map (Figure 5-4) shows nonphysical kinks on the 1301.5 ft contour at
MW 105 and SO401. The May 2002 map (Figure 5-5) shows an unusual cusp
in the 1301 ft contour at MW 219.
5. At OU3, there is only one monitored well at the base of the upper sands (MW
2234). Although comparisons at this location with a water table well at the
same location suggest no vertical gradient in the upper sand, recall that of 5
pairs at OU1, one gave no gradient, two gave upward, and two gave downward.
Such gradients may be important for constructing upper sand head contour
maps at OU3 that are consistent with those at OU1.
6. Comparing the contour maps from the 2000 through 2004 Annual Reports, it is
clear that the groundwater head contours north of the northern boundary of the
former wood treating area are speculative. The lack of monitoring wells in that
area means that there is no ground-truth for drawing head contours or inferring
flow directions in that area. As a result, the northerly extent of the capture zone
in this area is uncertain, even though the overall groundwater flow directions
can readily be inferred from the geometry of the surface water features. Only
the 2003 Annual Report properly annotates these head contours as speculative.
7. Similarly (and this will be more clearly seen in Section 6), observed heads at
OU1 and OU3 are interpolated over large distances between OU1 and OU3
without benefit of ground-truth data. This leads, in particular, to uncertainty
about the direction of groundwater flow at the northern margin of the OU3
capture zone.
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Figure 5-1. Predicted upper sand head contour map and flow lines from predictive modeling report
[Barr Engineering, 1996c] under conditions of pumping at the fish hatchery. Note extent of capture
zones (green shading) and the extend of contamination (stippled with orange boundary).
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Figure 5-2. Upper sand head contour map for April 2000 from 2000 Annual Report, with estimated
plume target zones from 2004 Annual Report (cyan), inferred capture zones (magenta), and localized
groundwater flow directions (arrows). (Best available copy.)
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Figure 5-3. Upper sand head contour map for April 2001 from 2001 Annual Report, with estimated
plume target zones from 2004 Annual Report (cyan), inferred capture zones (magenta), and localized
groundwater flow directions (arrows).
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Figure 5-4. Upper sand head contour map for October 2001 from 2001 Annual Report, with
estimated plume target zones from 2004 Annual Report (cyan), inferred capture zones (magenta), and
localized groundwater flow directions (arrows).
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Figure 5-5. Upper sand head contour map for May 2002 from 2002 Annual Report, with estimated
plume target zones from 2004 Annual Report (cyan), inferred capture zones (magenta), and localized
groundwater flow directions (arrows).
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Figure 5-6. Upper sand head contour map for May 2003 from 2003 Annual Report, with estimated
plume target zones from 2004 Annual Report (cyan), inferred capture zones (magenta), and
groundwater flow directions (arrows).
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Figure 5-7. Upper sand head contour map for April 2004 from 2004 Annual Report, with estimated plume target zones from 2004 Annual
Report (cyan), inferred capture zones (magenta), and localized groundwater flow directions (arrows). "Looped contour" call-out is
discussed in body of report. Question mark indicates that head contours show little impact from wells, leading to significant uncertainty in
defining capture zone.
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Figure 5-8. Upper sand head contour map for October 2004 from 2004 Annual Report, with estimated plume target zones from
2004 Annual Report (cyan), inferred capture zones (magenta), and localized groundwater flow directions (arrows). Question
marks indicate that head contours show little impact from wells, leading to significant uncertainty in defining capture zone.
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6.

INFERRED HYDRAULIC CAPTURE ZONE FROM REINTERPRETING
HEAD DATA-METHOD 1

This section focuses on the hydraulic capture zone in the upper aquifer. Unlike Section 5,
in which figures from reports previously authored by Barr Engineering and/or
International Paper were used, new contour maps were generated from the head data
given in the 2000 through 2004 Annual Reports. Two-dimensional head contour maps for
the upper sand aquifer were developed, as in the Annual Reports, and then interpreted for
hydraulic capture.
6.1

Procedure

There are many ways to generate contour maps from point data, including manual and
automatic methods. For this study, a consistent, repeatable, and objective approach was
desired. A computer-based contouring method was therefore selected. In this way, the
parameter settings used by the computer program could be fixed and applied consistently
to every available head data set. This approach also ensures repeatability.
For this study the MVS software package of C Tech Development Corporation was used.
This software has been peer-reviewed by the USEPA's Environmental Technology
Verification Program. Head data were obtained from the Annual Reports and entered by
hand into the input file format required by MVS; each entry was checked twice. Well
coordinates (UTM Zone 15) were provided in a Microsoft Access database file by
USEPA Region 5. Missing (unsampled) data were denoted by 1.0E9 in the required file
and were skipped by MVS. Review of the data found a probable error in the October
2004 head data for well 2234; this datum was not used. The head data were interpolated
(using the MVS module KRIG_3D_GEOLOGY) onto a grid extending 7.5% beyond the
convex hull defined by the data. (The convex hull is the shape of a hypothetical rubber
band stretched around and enclosing all of the used data points.) Ordinary kriging was
used with a spherical variogram, no nugget, range of 2000 ft, and a maximum of 24 data
points obtained by quadrant search used per grid-point estimate. No special consideration
was given to the shape of near-well drawdown cones. Figure 6-1 shows the extent of the
interpolation region as a cropped aerial photograph of the area (the georeferenced aerial
photo was provided by USEPA) and the locations of monitoring wells. (Each small
colored square represents an available head datum at a monitoring well, and the color is
scaled to the head. Labels have been omitted for clarity.)
A two-dimensional head contour map for the upper sand aquifer was desired for this
section, so that results can be compared directly with maps presented in the Annual
Reports. Therefore, head data from the lower sand were not used here. In addition,
because most of the plume appears to be at depth within the upper aquifer, the deeper of
paired wells was used and the shallower ignored. Because there are no groundwater head
measurements directly under the channel, 3 surface water levels denoted as North, South,
Subterranean Research, Inc.

24

and Railroad Staffs were used as if they were groundwater elevations. With vertical
impedance, the groundwater head under the channel and lake should generally exceed the
surface water level, with the result that the contour maps may indicate slightly larger
gradients near the channel than are actually present. As many as 61 head data per
monitoring event were available for the 7 monitoring events (five years, with two events
in two of those years). Figure 6-2 provides an example of the head contours determined
by MVS. The automated contour lines are acceptable across most of the site. However,
the notch-shaped region between OU1 and OU3 contains nonphysical "jaggies" and
partial loops (see bold white arrows annotating the figure). These are a direct result of
two factors: clustered head data at the three operable units and the lack of head data in the
notch-shaped region. Fortunately, these nonphysical features are not in the immediate
vicinity of OU1 or OU3, so they do not impact these results. Occasionally there are partial
loops near one of the OUs which are caused by over-fitting, because kriging without a
nugget forces contours to pass through field data (see the southernmost bold white arrow
on Figure 6-2).
To develop "snapshots" of the head distribution, data for each monitoring event were
kriged individually and contours across the site of the resulting heads were determined (in
MVS, the ISOLINES module is used). Assuming that the aquifer is isotropic in the
horizontal plane, Darcy's law tells us that the groundwater velocity is parallel to the
hydraulic gradient of heads, which is perpendicular to lines of constant head, and is
proportional to the magnitude of the hydraulic gradient. Therefore, once heads are
estimated by the software from the head data, groundwater flow directions and
magnitudes are computed by the software by determining hydraulic gradients. For each
monitoring event, once the gradients are determined it is possible to estimate the
streamlines. MVS has a module (STREAMLINES_SURFACE) that computes streamlines
for a two dimensional piezometric surface. A streamline can be visualized by tracing the
path that an ideal particle would take.
To define the capture zone, particles are started at many locations down-gradient of the
capture zone and then traced up-gradient (that is, where did they come from). Because a
particle that ends up down-gradient could not have been captured by the pumping wells, it
is thus possible to find the "shadow" of the capture zone by tracing many down-gradient
particles—the up-gradient areas that none of those particles passed through are capture
zones. Thousands of particles were released in MVS from locations down-gradient and
uncaptured by the pumping wells. Each streamline is tinted blue and partially obscures
the base aerial photograph. A "shadow" of the capture zone was thus determined for each
of the seven monitoring events. Figure 6-3 illustrates the components of this procedure.
6.2

Results

The results are illustrated in Figures 6-4 through 6-10. Each figure shows the
interpolation zone (the cropped extent of the aerial photo), the head data used (small
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colored squares), estimated head contours, and streamlines defining the "shadow" of the
capture zones.
For April 2000, Figure 6-4, indicates good capture at OU3. OU1 shows that capture may
be somewhat incomplete. The figure shows that there are some streamlines that may
bypass the extraction wells (indicated by a bold white arrow on the figure).
The April 2001 result, Figure 6-5, indicates little impact from the pumping wells at OU3.
The severe necking of the capture zone is highlighted by a bold white arrow on the figure.
OU1 appears to provide good on-property, up-gradient capture.
For October 2001, Figure 6-6 shows a restoration of effective capture at OU3. At OU1,
streamlines (pointed out by a bold white arrow annotating the figure) can bypass the line
of extraction wells. These streamlines will eventually discharge into the channel or its
environs.
Figure 6-7 shows the result for May 2002. It is apparent that OU1 provided good capture
across the eastern boundary of the operating unit. OU3 shows a much narrower capture
zone than six months earlier. Necking of this area (see the bold white arrow on the figure)
appears related to the lack of head data lateral to the capture zone. Examining streamlines
near the pumping wells at OU1 shows that there is reduced potential for migration of
plume constituents located south of the pumping wells.
May 2003, as illustrated in Figure 6-8, is quite similar to May 2002. The major difference
is that the capture zone at OU1 does not extend as far to the east of the line of capture
wells as was evident in May 2002 and there is a slightly increased tangling of streamlines
south of the extraction wells (see bold white arrow).
The April 2004 result, Figure 6-9, is similar to the May 2003 result. At OU3, there is still
a slight potential for bypassing south of the extraction wells. The appearance of a few
streamlines passing through the OU1 extraction well line indicates an increased potential
for bypassing. Further north, the capture zone has expanded slightly further to the east.
Figure 6-10 shows the result for October 2004. A necking of the OU3 capture zone (see
the white arrow pointing southwestward) appears. There appears to be slightly more
potential for bypassing to the south of the three operating wells. At OU1, increased
bypassing appears at the southern end of the line of extraction wells and there appears to
be an increase in the width of the set of streamlines passing through the extraction well
line.
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6.3

Mounding

Several of these contour maps, e.g., see the double-headed yellow arrow on Figure 6-5,
exhibit "mounding." It can also be seen in the contour maps prepared in the Annual
Reports and included in Section 5. Mounding is the condition of an island of higher heads
relative to surrounding or static water levels. The inferred mounds that are apparent near
the extraction wells result from head measurements in the S400 and 500 series of wells at
OU1, and the S2400 and 2500 wells at OU3. Because the mounding appears at multiple
wells at multiple times and is proximate to the extraction wells, some have questioned
whether the pump-out systems at OU1 and OU3 are working effectively.
The Annual Reports have not attempted to explain these data (although some data have
been interpreted as "suspect"). This apparent mounding may be associated with excess
recharge or inadequate drainage relative to neighboring areas, and may also be related to
errors in the head measurements that make them non-representative. Among the
possibilities to consider are the following (perhaps in combination):
• It is possible that check valves in the extraction system (wells or manifold) are missing
or faulty, allowing recharge to occur through one or more extraction wells. (Note that
this could be an intermittent problem.) The pump-and-treat system went on-line in
1987, so this is a possibility and can be easily explored.
• The reference elevations of wells are incorrect or have changed, e.g., due to frost
heave.
• The ground surface in the vicinity of certain extraction and monitoring wells is graded
toward the well, such that there is excess infiltration.
This can be exacerbated by well construction. For example, the log for well 2503
indicates that it was built with 15 ft of well screen that ended at the ground surface,
and the well bore "seal" consisted of a cone of neat cement on the ground surface. The
logs also report that annuli of the 500 series of wells are filled with fine sand with no
bentonite, cement, or similar material.
• There is a lag or delayed response in some wells. This could be the result of well
construction, subsurface heterogeneity, or well maintenance problems.
• The screen elevations differ among the wells such that the measured heads are not
directly comparable. Generically, in a discharge area of a phreatic (water table)
aquifer, the heads at the top and bottom of the aquifer at a single map location will
differ, because the lines of constant head are curved. The 500/2500 series of wells are
screen at higher elevations than the 400/2400 series of wells (except for the shallow
404). Specifically, well logs of the 400 series wells at OU1 indicate the presence of
"slate" above (or at the top of) the 400 series well screens, while logs of the 500 series
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wells show screens are above the "slate" of nearby 400 series wells. In other words,
there is a high degree of anisotropy that "holds up" the water levels in the 500 series of
wells.
Each of these should be examined by the site, because these wells are the sources of head
measurements near the extraction wells. Based on the available information, it is our
opinion that the design and construction of the 500 and 2500 series of wells makes their
head data unusable for developing two-dimensional capture zone maps. They should be
replaced by deeper, properly sealed, well-developed monitoring wells with shorter
screens. Extraction well head data can be exceptionally sensitive to local factors and often
need to be "deweighted" compared to other data. To increase their utility, a
contemporaneous pumping rate should be required when obtaining head data from the
400 and 2400 series.
6.4

Summary

In summary, reinterpretation of the head data leads to some differences in interpretations
compared to those made in Section 5, which were based on Annual Report figures.
1. Reinterpreted heads lead to inferred capture zones that often are more extensive than
indicated by the Annual Reports.
2. Most monitoring events have shown good capture of the on-site OU1 plume target
area. During a couple events it is possible that there was a possibility for short-term
bypassing. Of the seven events, 1 or 2 suggest incomplete on-site capture.
3. At OU1, for the years when spring and fall head measurements are available, the
inferred width of the capture zone is narrower in October than in April or May.
Apparently there is increased potential for bypassing in October as opposed to April or
May of a given year. This may be indicative of seasonal behavior, but there are
inadequate October data to make a quantitative assessment.
4. There is no hydraulic evidence that suggests groundwater flow from OU1 discharging
to or near Stony Point Resort; discharge appears to be to the channel and its environs.
5. At OU3, most but not all of the contour maps obtained in this section indicate
adequate on-property, up-gradient capture. The head contours in the vicinity of the
southern boundary of the capture zone near the extraction wells, and the related
streamlines, suggest the possibility of some errors in the reference elevations of some
monitoring.
6. Some of the contour maps show an apparent mounding of groundwater. It is the result
of some of the 400/2400 and 500/2500 head data. Unless and until the causes of these
aberrations are understood, their values must be substantially discounted. Several
lines of investigation have been suggested in Section 6.3.
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Figure 6-1. Interpolated area with monitoring well locations.
(Here the locations with head data in October 2004 are indicated.)
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Figure 6-2. Interpolated area with inferred head contours and monitoring well locations,
color coded by head value. (Here the October 2004 data are indicated.)
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Figure 6-3. Determining shadow of capture zone using April 2000 head data.
Monitoring well locations with data, contours of head, down-gradient initial points of streamlines,
edge of "shadow", and the resulting capture zone are indicated with annotations.
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Figure 6-4. Shadow of capture zone for April 2000 head data. Contours and monitoring well locations
are shown, along with traces of particles started down-gradient. White arrow explained in text.
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Figure 6-5. Shadow of capture zone for April 2001 head data. Contours and monitoring well locations
are shown, along with traces of particles started down-gradient. Arrows explained in text.
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St. Regis

Inferred Capture Shadow, Based on October 2001 Head Data

Figure 6-6. Shadow of capture zone for October 2001 head data. Contours and monitoring well locations
are shown, along with traces of particles started down-gradient. White arrow explained in text.
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St. Regis

Inferred Capture Shadow, Based on May 2002 Head Data

Figure 6-7. Shadow of capture zone for May 2002 head data. Contours and monitoring well locations
are shown, along with traces of particles started down-gradient. White arrow explained in text.
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St. Regis

Inferred Capture Shadow, Based on May 2003 Head Data

Figure 6-8. Shadow of capture zone for May 2003 head data. Contours and monitoring well locations
are shown, along with traces of particles started down-gradient. White arrow explained in text.
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St. Regis

Inferred Capture Shadow, Based on April 2004 Head Data

Figure 6-9. Shadow of capture zone for April 2004 head data. Contours and monitoring well locations
are shown, along with traces of particles started down-gradient. White arrows explained in text.
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St. Regis
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Inferred Capture Shadow, Based on October 2004 Head Data

Figure 6-10. Shadow of capture zone for October 2004 head data. Contours and monitoring well locations
are shown, along with traces of particles started down-gradient. White arrows explained in text.
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7.

INFERRED HYDRAULIC CAPTURE ZONE FROM REINTERPRETING
HEAD DATA—METHOD 2

This section describes another alternative approach to determining the hydraulic capture
zone in the upper aquifer from observed head data. Section 5 evaluated hydraulic capture
based on figures from reports previously authored by Barr Engineering and/or
International Paper, and Section 6 applied a traditional kriging approach to the observed
head data leading to contour maps and streamtraces. This section describes the
application of another method to generate new two-dimensional head contour maps for
the upper sand from the head data given in the 2000 through 2004 Annual Reports, which
are then interpreted for hydraulic capture.
7.1

OPDA TE Procedure

There are many ways to generate contour maps from point data, including manual and
automatic methods. In this section, computer-based contouring method was selected,
ensuring a consistent, repeatable, and objective approach. A two-dimensional head
contour map for the upper sand aquifer was desired, so that results can be compared
directly with maps presented in the Annual Reports. Therefore, head data from the lower
sand were not used here. In addition, because most of the plume appears to be at depth
within the upper aquifer, the deeper of paired wells was used and the shallower ignored.
For this section, the OPDATE software (Subterranean Research, Inc.) was used. It
combines several methods that have been thoroughly reviewed into a novel "blend" of
software; the OPDATE software itself has not been peer-reviewed by the USEPA. The
main approaches used are linear regression and two-dimensional kriging. Linear
regression (using Statistics Toolbox, Version 5.0.2, The Math Works, Natick, MA) was
used to fit observed heads to an analytical model of steady state two-dimensional flows
with effects caused by both regional gradients and steady well pumping rates. A quadratic
regional flow field was used because of the water table characteristics and the shape of
the area near OU1 and OU3. The inclusion of well pumping rates allows logarithmic
drawdown cones to be incorporated in the head data analysis. The heads obtained by
regression were subtracted from the observed values (using Matlab, Release, Version
7.0.4, The Math Works). These residuals were then kriged and the resulting kriged
estimate of the spatial distribution of residual was added to the regressed heads, yielding
the so-called OPDATE heads (using Tecplot, Version 9.2-0-3, Amtec Engineering,
Bellevue, WA). Contour maps of the OPDATE head were made (Tecplot). Streamtraces
were obtained from the head contours by specifying an end-point for each streamtrace and
integrating backward along a path perpendicular to the head contours (Tecplot). Like in
Section 6, the "shadow" of the capture zone was actually determined by starting
streamtraces down-gradient of the extraction wells and finding the path traveled to get
there.
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Head data and well coordinates were the same as used in Section 6, and pumping rate
data were the same as used in Section 2. Because a quadratic curve can approximate
phreatic aquifer discharging to a channel, but only on one side of the channel at a time,
and because the main focus is east of the channel near OU1 and OU3, data east of the
channel were filtered out.
Due to the lack of groundwater head data bounding the surface water bodies around the
site, water levels from 3 stilling wells along the channel (North, Railroad, and South
Staffs) were used as if they were groundwater head measurements. In addition, "pseudodata" were introduced at 5 locations along the shores of Lake Cass and Pike Bay. Heads
for these "pseudo-wells" were assigned for each monitoring event and were set equal to
the observed head at either the North Channel stilling well (for 2 pseudo-wells in Cass
Lake) or South Channel stilling well (for 3 pseudo-wells in Pike Bay). These data were
needed to constrain the estimates of the head fields.
Additionally, preliminary regression runs indicated that the inclusion of the S-series of
monitoring wells (S401-S405, S2401-S2403) and a small number of other monitoring
wells induced non-physical results in the regression step. Therefore, observed heads from
S-series and 503, 504, 507, 2105, 2128, and 2503 were censored. Other members of the
400, 500, 2400, and 2500 series of wells were used, despite concerns that were raised in
Section 6.3.
Once regression was performed and the observed-minus-regression residuals were
obtained, ordinary kriging was performed using a linear variogram with a sill and with a
nugget. The range of this variogram was 36% of the maximum distance between
observed heads and the nugget was 0.001 of the sill (the magnitude of the sill is not
important for interpolating the head data).
To develop "snapshots" of the head distribution, the OPDATE procedure was applied to
the data for each monitoring event and contours across the site of the resulting heads were
determined. Once heads were estimated by the software from the head data, groundwater
flow directions and magnitudes were computed by the software by determining hydraulic
gradients. These were then used to compute streamlines, which were visualized by tracing
the path that an ideal particle would take.
7.2

Results

The results are illustrated in Figures 7-1 through 7-7. Each figure shows the estimated
heads west of the channel and of pseudo-data (filled contours), estimated head contour
lines, and streamlines defining the "shadow" of the capture zones. Contour lines on the
figure that are east of the filled contours and shoreline should not be interpreted—they are
indicative of the extrapolation of the method, but are not comparable to any site data.
Other areas where contour lines are generated far from monitoring well data are suggested
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by question marks on the figures. Pumping wells are indicated by small red circles and
the head data used are denoted by small solid squares. Actual observations are small
black squares, and pseudo-data (Section 7.1) are indicated by small yellow squares. Well
identification labels and head data used are not posted on the figures to keep the figures
visually clean. Red polylines approximate properties of interest (one is treatment and
storage area, containment vault, and fish hatchery, and the other is city dump pit).
For April 2000, Figure 7-1, indicates good capture at OU1. OU3 shows somewhat
incomplete capture up-gradient of the pit area. The figure shows that a small number of
streamlines may bypass the extraction wells (indicated by a bold black arrow on the
figure). The white area east of OU1 is indicative of heads lower than at the North and
South Channel Staffs. This appears to be a result of system dynamics, but could also be
related to inaccurate head monitoring point reference elevations.
The April 2001 result, Figure 7-2, indicates a more limited impact from the pumping
wells at OU3. The up-gradient capture zone is narrower than the April 2000 result and
much less of the city pit property is contained in the capture zone (see black arrow). OU1
appears to provide good capture.
For October 2001, the result shown in Figure 7-3 shows good on-property, up-gradient
capture at both OU1 and OU3.
Figure 7-4 shows the result for May 2002. It is apparent that OU1 provided good capture
across the eastern boundary of the operating unit. OU3 shows a slightly more extensive
capture zone than six months earlier. Note some apparent necking inward at the northern
end of the extraction well line in OU1. There is also an outward bowing of the capture
zone on the northern edge of the capture zone.
May 2003, as illustrated in Figure 7-5, extends trends seen in May 2002. The major
difference is that the capture zone at OLJ1 bulges out further to the north (see upper right
black arrow on figure), a result of inadequate head data to laterally constrain the
interpretation. OU3 shows very effective capture, for the first time encompassing all of
area populated with extraction wells. It should be noted that the northward extent of the
capture zone at OU3 is speculative, as there are no head data along that feature that
provide ground-truth. (See the left bold black arrow.)
The April 2004 result, Figure 7-6, shows some marked changes. At OU3, the capture
zone is like October 2001—having a narrow capture zone, the possibility for a small
number of streamlines to bypass extraction wells, and little-to-no down-gradient capture,
is similar to the May 2003 result. At OU1, a locally high head measurement at the
extraction well line leads to the appearance of streamlines that may bypass wells.
Otherwise, the capture zone would be much like October 2001. (See upper arrow on
figure.)
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Figure 7-7 shows the result for October 2004. The capture zone at OU3 is similar to the
April 2004 data, with some potential for bypassing (lower black arrow). OU1 shows a
much narrower capture zone, however. A number of streamlines pass through the OU1
facility and pass toward the channel (upper black arrow) and the down-gradient extent of
capture is noticeably less extensive. The on-property, up-gradient extent is shorter and
narrower, and it does not extend sufficiently far to the north.
In summary, the application of the OPDATE approach of the head data leads to different
interpretations than were made in the Annual Reports.
1. The heads produced in this OPDATE analysis lead to inferred capture zones that are
often, but not always, more extensive than presented in the Annual Reports.
2. Most monitoring events have shown good capture of the on-site OU1 plume target
area. A significant reduction in OU1 capture zone size was inferred for October 2004.
The data also lead to the possibility that there was a slight short-term bypassing
in April 2000.
3. Note that in 2001 and 2004, when monitoring events occurred in April and October,
the inferred capture zone at OU1 is narrower in the fall than in the spring. They may be
indicative of seasonal behavior, but there are inadequate October data to make a
quantitative assessment.
4. With the exception of April 2001 and to a lesser extent April 2000, the on-property
capture zone up-gradient of the extraction wells at OU3 appears to be sufficiently
wide. The head data do not demonstrate that the hydraulic capture zone includes the
tPAH or PCP "contours" for OU3 that are indicated on Figures 7 and 8 of the 2004
Annual Report [International Paper, 2005]. Tabulated water quality data (Table 15 of
the 2004 Annual Report) indicate that only 2128 has remained contaminated above the
RAL by nPAH, and this location is not contained within the inferred capture zone,
except in May 2003.
5. Of the seven head monitoring events interpreted using the OPDATE approach, 1
suggests incomplete on-site capture at OU1.
For OU3, 1 (or possibly 2) of 7 head monitoring events suggests that on-property, upgradient hydraulic capture is inadequate. Only once in 7 events does it appear that the
hydraulic capture at OU3 extended down-gradient of the extraction wells to capture
well 2128 and the tPAH contour given in the 2004 Annual Report.
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Figure 7-1. Estimated capture zones for April 2000 based on OPDATE.
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Figure 7-2. Estimated capture zones for April 2001 based on OPDATE.
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Figure 7-3. Estimated capture zones for October 2001 based on OPDATE.
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Figure 7-4. Estimated capture zones for May 2002 based on OPDATE.
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Figure 7-5. Estimated capture zones for May 2003 based on OPDATE.
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Figure 7-6. Estimated capture zones for April 2004 based on OPDATE.
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Figure 7-7. Estimated capture zones for October 2004 based on OPDATE.
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8.

STRATIGRAPHIC EVALUATION AT OU3

To enhance understanding of the groundwater flow regime and hydraulic capture zone
that has developed at and near OU3 as a result of remediation activities, a plan was
devised to examine graphically three-dimensional geologically-constrained features of
and relating to flow in the OU3 area. Boring logs and cross-sections in the available data
were reviewed for that purpose.
The 1995 five-year review [USEPA, 1995] contains several cross-sections prepared by
site consultants, three of which pertain to OU3. Figure 8-1 (Figure 9 in the five-year
review), which runs from northwest to southeast, shows two borings that penetrate a
monolithic upper till and end in the lower sand without reaching its lower surface
(W2323 and W2329). Another boring (W2301) shows the upper till has upper and lower
limbs separated by outwash sands that are thicker than the sum of the two till limbs; this
boring continued into the lower sand but did not determined its thickness. A fourth boring
(W2234) penetrates a thin limb of upper till (approximately 4 ft) and then encounters
outwash sands; the boring was terminated immediately upon encountering what was
perceived to be the top of the lower limb of upper till without continuing through the
upper till to the lower sand aquifer. The cross-section extrapolates a monolithic till over
most of the cross-section, and presents the embedded outwash sands as isolated pockets,
even though an equally plausible scenario for this cross-section is that the monolithic till
is present sporadically and that most of the cross-section comprises upper and lower
limbs of till separated by outwash sands.
Figure 10 of the 1995 five-year report, reproduced as Figure 8-2 below, also runs
northwest to southeast and a little south of the Figure 9 cross-section. It presents one
boring that penetrates a massive upper till and into the lower sands, without finding the
thickness of the latter. Two other borings indicate that the upper till has upper and lower
limbs, separated by a significant thickness of outwash sand. A fourth boring found no till
present. A fifth boring extended only a couple feet into what is believed to be the upper
till, and a sixth boring did not extend to the upper till. Despite the evidence that the upper
till is not monolithic, the interpretation shown is that the outwash sand between upper and
lower limbs of the upper till is an isolated pocket, that the boring with missing till
represents a small window in the till, and that the rest of the cross-section has a
monolithic upper till. As interpreted in the figure, this cross-section shows that the upper
sands underlying the former disposal pit are abutted by peat, till, and silty wetland
deposits, which suggest very little discharge along this cross-section. This cross-section
provides a clear indication of the complexity of the geology at this portion of the site.
Given the data available to us, the data could be interpreted in such a way that the upper
till is hypothesized to be discontinuous, leading to the potential for vertical migration.

Subterranean Research, Inc.

50

Figure 8-3 is the 1995 five year report's Figure 11. It runs from west to east, south of the
former disposal pit. One boring penetrated the upper sand, upper till, and lower outwash
sands, and was ended within a lower till; this is the only boring that determined the base
of the lower sands at OU3. Two borings on this cross-section were drilled only in the
upper sands. Another boring, although completed as an upper sand monitoring well, is the
one that appeared on Figure 10 and indicated the upper till was missing. Another boring
further east indicated a single layer of upper till approximately 20 ft thick. The
interpretation shows that the missing upper till has limited extent and that the upper till is
monolithic elsewhere. This interpretation extrapolates the upper till about 8 times further
than it extrapolates the hole in the till. A less favorable interpretation would have created
a larger area in which the till is missing, providing the opportunity for downward
migration south of the former pit.
Of borings that extend through the upper till at OU3, only two are located south and
southeast of the former pit, the hydraulically down-gradient direction from it. One (2128)
shows no till and the other (2329) shows a monolithic till layer. A third boring (2234)
pierced the upper till, finding a thick outwash sand inclusion, but did not continue
through the upper till to the lower sand. As a result of the more complex geology at OU3
and the lack of information at depth, there is significant uncertainty about where potential
pathways through the till exist. Since these data are at the periphery of the site data, there
are no further down-gradient (hydraulically) data to constrain the extrapolation of the
presence or absence of the upper till.
Therefore, the three-dimensional geology-based graphical interpretation of concentration
data would have been highly speculative, because of uncertain interconnection pathways,
and was not performed. (Note that the assumption of a single isolated window is also
highly speculative.)
It is evident from the cross-section, however, that there are some such pathways. These
cross-sections also make evident the vertical distribution of sampling. No monitoring
wells at the base of the upper sand is shown (MW2234 does not appear on the crosssections). The lack of monitoring at the base of the upper sand is unexpected, given the
history at OU1 of higher concentrations at the base of the upper aquifer.
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Figure 8-1. First of three cross-sections through OU3. From
Figure 9, USEPA [1995].
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9.

EVALUATION OF CONCENTRATION DATA RELATIVE TO
ESTIMATING HYDRAULIC CAPTURE

At OU1, the presence of concentrations of PCP and/or tPAH east of the extraction wells
has been a matter of concern for more than a decade. Generally, concentrations have been
decreasing at monitoring wells downstream (east) of the line of extraction wells. In a
August 17, 1993 letter to Minnesota Pollution Control Agency, Barr Engineering [1993]
presented a set of predictions in the form of figures showing PCP and tPAH concentration
decrease through 2015 at MW 212, MW 213, and MW 215. Figures 9-1 through 9-6,
below, recreate those figures including data from the ensuing years, using Table 9 of the
2004 Annual Report [International Paper, 2005].
Note that the analyte list was revised in 1999, resulting in 19 PAHs being removed from
the list. As a result, post-1999 PAH data may be less than they would be if the pre-1999
analyte list had been used. The data shown in this section use "as-reported" data, with no
"normalization" or "regularization" of the data to account for the change in the analyte list.
Using the pre-1999 list would lead to PAH values greater than or equal to those plotted here.
In these figures "nondetects" of PCP are plotted using the reported quantitation limit and
that, because tPAH is the sum of cPAH and nPAH, the sum of reported quantitation
limits and detected values is plotted. Nondetects are indicated on the figures in two
different ways. For PCP, different markers are used for detects and nondetects. For tPAH,
different markers are used to indicate both cPAH and nPAH are detected, neither are
detected, and one is detected while the other is not. Table 9-1 presents Minnesota's
Recommended Allowable Limits (RALs) for PCP, cPAH, and nPAH (according to the
2004 Annual Report [International Paper, 2005]).
As can be seen in Figures 9-1 and 9-2, PCP concentrations at MW 212 have dropped
faster than anticipated and tPAH concentrations have decreased with 2/3 the exponential
decay rate anticipated.
At MW 213, Figures 9-3 and 9-4, both PCP and tPAH have decreased at about the
anticipated rates, although there is a single upward "step" of the tPAH curve in 2000.
Recent PCP data at MW 213 suggest a flattening of the concentration curve in the past 3
years.
Figure 9-5 shows that PCP has decreased as anticipated for MW 215. The tPAH
concentrations graphed in Figure 9-6 are similar to those projected, although the decrease
has occurred in a step-like process, rather than the predicted continuous decline. PCP
concentrations in these wells east of the line of extraction wells and west of the channel
are making continuous progress. However, tPAH concentrations are showing symptoms
of stagnation above the RALs.
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Because of continuing interest in concentrations on the east side of the channel, similar
plots were constructed for MW 219 concentration data from Table 9 of the 2004 Annual
Report [International Paper, 2005]. The Barr [1993] attachments did not address this
monitoring well. Figure 9-7 shows that PCP concentrations in MW 219 have not
exceeded the RAL at any time and that the rate of concentration decay is not as large as
observed in wells MW 212, 213, and 215. (The breaks in the data curve indicate no data
were obtained in 1996 and 1998.) Figure 9-8 shows that tPAH concentrations have
neither declined in the past 6 years nor have they attained the RAL. It also shows that the
pre-1999 concentration of tPAH was fairly stable and then dropped by more than an order
of magnitude, and has been relatively constant since then.
These data record decreases in concentration that indicate that the source of
contamination at OU1 affecting downgradient wells has been significantly reduced in
strength. They may indicate also that the extraction wells are capturing the on-site body of
the plume, but such data do not prove hydraulic capture. In particular, tPAH appears to be
more recalcitrant than PCP. This may reflect one or more causes, including greater
sorption tendency to tPAH (which can lead to slower desorption), increased retention
times due to the creation of a nearly stagnant zone east of the line of capture wells, or
incomplete capture. These data do not indicate a particular cause.
According to the annual reports, concentrations in monitoring wells at OU3 are less than
RALs, except at MW 2128. Figures 9-9 and 9-10 are constructed from Table 15 of the
2004 Annual Report [International Paper, 2005]. They show that concentrations have
decreased, but more erratically than in the OU1 plots. PCP concentrations are below the
RAL, but tPAH has not attained the RAL and appears to be a couple of orders of
magnitude above the sum of PAH RALs. This suggests that the the extraction wells have
been capturing the plume (or part of it), but the erratic concentrations do not demonstrate
a convincing trend in the past 6 or 7 years.

Table 9-1. RALs for the principal contaminants of concern at OU1 and OU3. Note that the MCLfor
PCP is l.Oftg/L fUSEPA, 2002].
OU1
OU3
Constituent
PCP

1010/yg/Z,

220ug/Z,

cPAH

0.028 fig/L

0.28 jug/L

nPAH

0.30fig/L

0.30jug/L

tPAH (cPAH + nPAH)

0.328//g/Z

0.5SjUg/L
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Figure 9-1. PCP concentration versus time at MW 212 with approximate fitting line given by Barr
[1993]. RAL is 1010/Lig/L.
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Figure 9-2. tPAH concentration versus time at MW 212 with approximate fitting line given by Barr
[1993]. Sum ofRALs is 0.
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Figure 9-3. PCP concentration versus time at MW 213 with approximate fitting line given by Barr
[1993]. RAL is 1010 ug/L.
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MW213, tPAH Concentrations vs. Time
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Figure 9-4. tPAH concentration versus time at MW 213 with approximate fitting line given by Barr
[1993]. Sum ofRALs is 0.328 jUg/L
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MW215, PCP Concentrations vs. Time
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Figure 9-5. PCP concentration versus time at MW 215 with approximate fitting line given by Barr
[1993]. RAL is 1010 pg/L
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Figure 9-6. tPAH concentration versus time at MW 215 with approximate fitting line given by Barr
[1993]. Sum ofRALs is 0.328 jug/L
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MW219, PCP Concentrations vs. Time
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Figure 9-7. PCP concentration versus time at MW219. RAL is 1010 Hg/L.
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MW219, tPAH Concentrations vs. Time
I

I

I

I
0

Neither Detected
cPAH or nPAH Detected
Both Detected
RAL
~

-.:: ::::::::::: i:::::::::::::;::::::::::::::::::::::::::::::;::::::::::::::::::::::::::::::;:.:::::::::::::::::::::

o

"

o

"

::: :;::::::::::::::::::::::::::::::?::::::::::::::::::::::::::

^i,/\ -XT

'•

...

/
/

i

I

:.

J
i
;
l
l
l
l
l
l
l
l
l
l
l
l
l
i
l
l
l
l
l
l
l

o

°

::::::::::::::::::::::i::. ::!:::::::::::::::::::::::::::::::;:::::.::::::::::::::::::::::-

i

L

,o

*•-

::::::::p::::::::::::::::::::::::::::::::::k?:::::::::i::::::::::::::::::::::::::::::

o

"

7 '

(D

tPAH, ug/L (Nondetects at Detection Limit)

c

o
•

i

85

1990

i
1995

I

2000
Year

2005

I

2010

2015

Figure 9-8. tPAH concentration versus time at MW219. Sum ofRALs is 0.
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MW2128, PCP Concentrations vs. Time
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Figure 9-9. PCP concentration versus time at MW2128. RAL is
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MW2128, tPAH Concentrations vs. Time
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Figure 9-10. tPAH concentration versus time at MW2128. Sum ofRALs is 0.58 jug/L.
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10.

SUMMARY AND CONCLUSIONS

10.1

Summary

\. The review of annualized pumping rates for the past 5 years indicates that OU1
pumping has been 70% of the design rate (as defined in Section 2). At OU3, the
pumping rate has fluctuated significantly, and has attained the anticipated rate during
the last 2 years. A rough estimate of flow rates (Section 2) suggests that the anticipated
rates are in the lower 50% of estimates (Tables 2-1 and 2-2). Pumping rates available
for this report are annualized only—no monthly or weekly average rates were
available.
2. Regular well maintenance is required. Evidence at OU3 shows clearly the substantial
changes in extraction well productivity over time (Figures 2-1 and 2-3) and that
maintenance can significantly benefit the project. See item 8 relative to OU1.
3. Hydraulic capture has been assessed at OU1 and OU3 for the 7 available monitoring
events in the last 5 years using 3 methods. Results are summarized in Table 10-1
(below) as "OK", "somewhat incomplete", or "incomplete". These classifications are
judgments based on streamlines crossing the cleanup zones.
Table 10-1 suggests that capture in the upper sand at OU1 has been acceptable in 1618 of 21 results and inadequate in 3 to 5 of the 21. The October 2004 head data
indicate incomplete capture, regardless of the interpretation method used.
The table also indicates that hydraulic capture in the upper aquifer at OU3 during the
past 5 years has improved. Capture appears to have been adequate in 15-16 of 21
results, which is to say that about 25% of the interpretations showed inadequate
capture. All of these occurred in the first 3 years of this 5 year review period.
4. Paired head data, where available (near the extraction wells), indicate that there is
generally an upward head difference between the lower sand to the upper sand.
There may be some seasonal ity to the result, but there are too few autumnal data to
assess this.
5. At OU3, there is only one monitoring well screened at the base of the upper aquifer.
This contrasts with data from OU1 that show that plume concentrations are greater at
depth except immediately in the source area.
6. The upper sand head contour maps for OU3 provided in the Annual Reports by BanEngineering and International Paper have been erratic, in the sense that sometimes
substantial capture is suggested and sometimes (10/2001 and 5/2002) it is not. Head
contour maps need to be constructed in a transparent and consistent way. Heads from
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the base of the upper aquifer, rather than at the water table, should be used when
available as most often the plume has been detected at depth and heads from that depth
will be more indicative of conditions encountered by the plume. Data actually used to
construct each map should be posted. Proper annotation of speculative head contours
should be used (see 2003 Annual Report, Figure 3, region north of former wood
treating area).
7. There has been an on-going question at OU3 about ensuring no vertical migration
downward, because of the lack of continuity of the till layer. Paired head data from
monitoring wells in the upper and lower sand indicate that over the past 5 years there
has been generally an upward gradient. (There may be some seasonality in this result,
but although there are 5 springtime measurement rounds, there are only 2 from
autumn.) However, only 1 of these pairs is located in the southern half of OU3, where
the upper till is most likely to be intermittent or missing.
8. Hydraulic capture in the upper aquifer at OU1 during the past 5 years appears to have
been adequate about 80% of the time. Some interpretations of the head data would
suggest that localized bypassing is possible at the northern end of the extraction line
and near the southern end. This would be related to the spatial distribution of pumping.
For example, extraction well 403 has operated at about 30 to 60% of the design rate.
9. Cases of apparent groundwater mounding near extraction wells are visible in some of
the groundwater contour maps given in Sections 5 and 6. Despite the occurrence of
apparent mounding at multiple times based on multiple wells (in the 400, 500, 2400,
and 2500 series), the Annual Reports have not attempted to explain these data. These
data were discounted in the Section 7 analysis. After stating several possible
explanations, Section 6.3 argues that the value of these data should be discounted.
lO.There is a large gap in head measurement locations from the northern edge of the city
dump site to the wood treating area. This means that head contour lines, and hence the
direction of groundwater flow, are more extrapolated than interpolated. A similar lack
of data north of the former wood treating area exists. (The May 2003 map produced
using OPDATE provides one example.) As a result, flow directions are more uncertain
in these areas than elsewhere. Additional head data in these areas would provide
information on the width of capture at OU1 that cannot be ascertained from current
monitoring and would reduce the variability of estimates of capture zone widths and,
concomitantly, potential for bypassing the capture system. The variability in head
contours among the 2000, 2001, and 2002 Annual Report maps for the region north of
the former wood treating area illustrates this point.
11 .Groundwater concentrations of tPAH have been declining and have not reached RALs
yet, even east of the channel. This does not constitute proof that the hydraulic capture
system is, or is not, adequate. These data, combined with upper sand head contours in
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the channel region, suggest a relatively quiescent zone near the channel. Future
decreases in concentration in this zone may occur at lower rates than in the past.
10.2

Conclusions

From these multiple lines of investigation we draw a number of conclusions and make
several recommendations; these are summarized in Tables 10-1 and 10-2, respectively:
1. With the exception of October 2004 (see next item), the overall width encompassed by
the capture zone at OU1 usually appears to be adequate, but the head data
interpretations suggest that in some cases bypassing between wells may have occurred.
In particular, the northerly extent of the capture zone up-gradient of the extraction
wells is uncertain as a result of (1) few head data north of the former wood treating
area to laterally constrain estimates and (2) less pumping along the northern half of the
extraction well line than along the southern half. In some, but not all, interpretations of
the head data a localized pathway for "groundwater particles" is apparent, allowing
them to migrate from west to east past the line of extraction wells at OU1. Increased
attention to increasing pumping rates at the northernmost extraction well and the
biggest producing wells (e.g., 403 and 408) will reduce this possibility.
Therefore, more aggressive extraction well rehabilitation is needed at OU1. Particular
attention should be given to wells 403 and 408. Furthermore, because encrustation can
also affect the responsiveness of monitoring wells, an assessment of monitoring well
screen conditions should be undertaken and included in an Annual Report.
2. The October 2004 head data for OU1 indicate incomplete capture, regardless of the
analysis method used. This is a glaringly different result than for other monitoring
events. The data do not clearly indicate the cause of this drastic difference. However, a
review of the location of the 1303 ft contour line in combination with surface water
elevations indicates that the 1303 contour was further east in October 2004 than in
earlier monitoring events. (One exception occurred in April 2001, when the surface
water elevation was about 1.2 ft higher than in October 2004.) This suggests that
groundwater flux was unusually high in October 2004, a reflection of increased aquifer
recharge from precipitation. To maintain capture in these circumstances, pumping
rates would need to have been correspondingly higher than usual; we suspect this did
not occur. Unfortunately, neither precipitation data nor pumping rate data (other than
annualized data) are provided in the Annual Reports to corroborate this hypothesis.
Another possible explanation is that there was a short-term pumping rate reduction
that occurred at the time that head data were collected (e.g., wells turned off for
maintenance).
To facilitate understanding such behaviors, the annualized pumping rates from wells
should be augmented by shorter-term (monthly) averages, and corresponding
Subterranean Research, Inc.

69

precipitation data should be examined (e.g., from Cass Lake Forest Experiment
Station, ID # 211374). If the head measurements happen to be taken during an
aberration in the pumping schedule, a data table footnote should be provided in the
Annual Report. Finally, the effects of seasonality on the capture zone can be
determined only if there are sufficient seasonal monitoring events to develop statistics.
3. At OU3, the capture zone appears adequate in about 75% of evaluations of head data
from the past 5 years. The capture zone interpretations based on the upper sand head
contour maps in the Annual Reports (Section 5 of this report) indicate adequacy only
55% of the events. In some cases, the upper sand head contour map in the Annual
Report barely shows any impact due to pumping. To a certain extent, the variability in
impacts may simply be the result of changes in contouring practices used in the Annual
Reports. It may also be the result of pumping and recharge rate fluctuations, as
described above for OU1. However, it should also be noted that only one monitoring
well is located at the base of the upper sand at OU3.
As a result, the head contouring procedures used in the Annual Report should be
reassessed and modified to provide a consistent methodology. The Annual Report
should include a description of the methodology. With respect to head contour figures,
the data used should be posted in the annual monitoring reports and areas in which
head contour lines are speculative should be properly indicated using dashed contour
lines. The extent of hydraulic capture zones should be estimated and shown
graphically in the Annual Reports, and any related performance issues should be
discussed. In addition, additional head monitoring at the base of the upper sand is
recommended for OU3.
4. The increase in extraction well flow rates at OU3 in the past 2 years appears to have
been beneficial to capturing the groundwater. Nonetheless, the head data suggest a
possibility that groundwater can move through a small part of the southern portion of
contamination zone or east of the property boundary, avoiding the extraction system.
Slight changes in water levels can lead to significantly different interpretations—
especially near the margins of capture zones. We note that five benchmarks at OU2
(the vault) are resurveyed every year and have a range of about 0.3 ft (International
Paper, 2004, Table 26), but to our knowledge the monitoring wells have not been
resurveyed.
A 0.3 ft surveying variation corresponds to the head change over a distance of about
300 ft along the regional gradient, is large relative to the amount of drawdown that has
been measured, and is large relative to the head differences between shallow and deep
paired wells. Therefore, we recommend that the elevations of reference points (where
measurements are consistently taken) for all monitoring locations and pumped wells
be resurveyed.
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5. Head data from shallow wells in the 500 and 2500 series, in combination with pumpout S400 and S2400 series wells, lead to inferences of ground water mounding in
multiple monitoring events. Well logs suggest that the design and construction of the
500 and 2500 series wells may render them of little value for purposes of evaluating
the capture zone of the remedy. An explanation of these data is needed to assess
whether they fulfill monitoring objectives. Several lines of possible explanation,
explored in Section 6.3, should be investigated.
6. Paired head data within the upper sand at OU1 indicate that there is a downward head
gradient at monitoring wells 105 and 112, while an upward gradient is found at 115
and, usually, 118. The result at 118 may be seasonal, with no vertical gradient in the
autumn. However, there are too few rounds of autumnal data to test this quantitatively.
Better understanding of the seasonal behavior will require additional autumnal
measurements.
7. Paired head data within the upper sand at OU3 exist only at monitoring wells 2134 and
2234, and generally indicate no vertical gradient (within 0.03 ft of head difference).
Additional paired sampling locations within the upper sand are needed to demonstrate
that there is no tendency for downward migration. This is especially important at OU3,
where the intervening till is known to be discontinuous or missing.
8. Paired head data indicate that there is an upward gradient from the lower sand to the
upper sand at OU3. Although one well pair exists southeast of the extraction well
system, no paired heads between the upper and lower sands are monitored at the
southern part of OU3, where the till unit may be discontinuous or missing.
Increasing the number of paired head measurements in the upper and lower sands,
particularly at the south where the till is known to be intermittent, would provide
additional confirmation that hydraulic head gradients are upward. The installations
would further delineate the till, or its absence, in this area. Note that the upper of the
paired wells might simultaneously satisfy the previous recommendation to provide
additional head monitoring of the base of upper sand.
9. At OU1 the plume has been mapped about 1500 ft east of the edge of the hydraulic
capture zone. This portion of the plume will not be recovered by the extraction wells.
Concentrations in this area have generally decreased over the past 20 years. This
appears to reflect the source controls at the former wood treating facility. Chemical
data from the past 6 years indicate that a flattening of the trend curve is occurring for
tPAH in this area. Because of the slight topographic relief in this area and because of
presence of a stagnation zone immediately downstream of the hydraulic capture zone,
groundwater travels at low velocities in this region and long residence times should be
anticipated.
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A similar lack of trend exists at OU3 monitoring well 2128, the only OU3 monitoring
well that continually exceeds the tPAH RAL. Although concentrations have been
substantially reduced since the initiation of remediation, an assessment is warranted of
the causes for and potential responses to this lack of continuing down-gradient
concentration reduction.
10. An evaluation of the concentration data has shown that, away from the source areas,
the greatest groundwater concentrations occur at the base of the upper sand aquifer,
not at its top. Surprisingly, only one "base of upper aquifer" monitoring well exists at
OU3. Additional water quality monitoring locations at the base of the upper sand and
down-gradient of the source area are indicated for OU3.

Table 10-1. Summary of interpretations of hydraulic capture based on head data. On-site
and up-gradient capture is the criterion for this, table Only three classifications are
allowed.
OU3
OU1
Date
Section 5 Section 6 Section 7 Section 5 Section 6 Section 7
April 2000

OK

Somewhat
Incomplete

OK

April 2001

OK

OK

OK

Incomplete Incomplete Incomplete

October 2001

Somewhat
Incomplete

OK

OK

Incomplete

OK

OK

May 2002

OK

OK

OK

Incomplete

OK

OK

May 2003

OK

OK

OK

OK

OK

OK

April 2004

OK

OK

OK

OK

OK

OK

OK

OK

OK

October 2004

Incomplete Incomplete Incomplete
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OK

Somewhat
Incomplete
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Date

Table 10-2. Summary of opinions on hydraulic capture based
on multiple lines of evidence.
OU3
OU1
Opinion

Comments

Opinion

Comments
Possible bypassing,
Conflicting
heads=>Increase well
efficiency, Resurvey
well elevations, Deeper
monitoring wells

April 2000

Capture
OK

Capture
Somewhat
Incomplete

April 2001

Capture
OK

Capture
Incomplete

October 2001

May 2002

May 2003

April 2004

October 2004

Capture
OK

Narrower than April
200l==>Seasonality
possible

Capture
Probably

Capture
OK

OK

Capture
Probably

Capture
OK

OK

Capture
Probably

Capture
OK

Capture
Incomplete
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Capture
Probably
OK

OK
Unknown cause
(inadequate pumping?)
==>Monthly pumping
and precipitation rates,
Resurvey well
elevations, Seasonality
possible

Possible bypassing,
Conflicting
heads=>Resurvey well
elevations, Deeper
monitoring wells
Possible bypassing,
Conflicting
heads=>Resurvey well
elevations, Deeper
monitoring wells
Possible bypassing,
Conflicting
heads=>Resurvey well
elevations, Deeper
monitoring wells
Possible bypassing,
Conflicting
heads—>Resurvey well
elevations, Deeper
monitoring wells

Capture
OK
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Table 10-3. Summary of recommendations.
RECOMMENDATION

PURPOSE

REASON

Annual Reports should have
consistently prepared and
annotated contour maps of
head, estimated hydraulic
capture zones, and discussion.

Comparable and more readily
understood graphical
interpretations of data from
year to year.

Annual Reports from past 5
years clearly have used
differing methods of
preparing head contour maps,
but without discussion.

More aggressive well
redevelopment at OU1,
continue periodic
redevelopment at OU3.

Increased pumping at OU1,
especially at wells 403 and
408.

OU 1 has not shown the
benefit from redevelopment
that has been seen at OU3 (in
terms of pumping rates).

Monitoring well lag
assessment.

Ensure no inordinate lags in
head data.

Monitoring wells heads should
respond equally rapidly.

In addition to annualized
pumping rates, report
pumping rates and rainfall rate
data on monthly interval.

Data to interpret events such
as October 2004 loss of
capture.

Annual Report does not
provide sufficient information
to determine whether an
anomaly is explainable or not.

Add synoptic head monitoring
in fall for 3 years, with
reevaluation at that time.

Evaluate seasonably in
capture zone performance.

OU 1 capture zone width and
vertical head gradient appear
to have a seasonal component,
but there are not enough data
to evaluate it.

Resurvey all monitoring
wells.

Revalidate reference
elevations, especially at OU3
and surface water.

Benchmark resurveys at OU2
have range of =0.3 ft. This is
enough to significantly
change inferred local
groundwater flow direction.

Determine whether data do not
Investigate and explain
Some head data imply
occasional apparent mounding satisfy data quality objectives
mounding, which is
or whether data indicate
near 400, 500, S2400,and
inconsistent with conceptual
S2500 wells.
model and pumping rate data.
problem with remedy.
Add paired head monitoring
wells in upper sand at OU3.

Add paired head monitoring
wells between upper and
lower sand at OU3.
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Confirm no downward
gradient.

There is only one pair, yet
this is the area where upper
till is known to be missing in
some locations.

Confirm no downward
gradient.

This is an area where upper
till is known to be missing in
some locations, yet not
adequately mapped, and
upward gradient must be
measured.
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RECOMMENDATION

PURPOSE

REASON

Add head monitoring wells
for upper sand between OU1
and OU3, plus north of OU1

Ground-truth to constrain the
up-gradient width of
interpreted capture zones .

Provide lateral ground-truth
for evaluating hydraulic
capture zone at OU 1 and
OU3.

Only one monitoring well at
base of upper sand.

OU 1 data show that, except in
vicinity of source, monitoring
wells identify plume at base
of upper sand. Currently only
one base-of-upper-aquifer
well at OU3.

Understanding of and
contingency for tPAH
reduction down-gradient of
capture zones.

After significant reductions of
tPAH in first 10+years of
operation, down-gradient offsite monitoring wells are
showing tPAH>RAL and no
statistically meaningful
reduction.

Add water quality monitoring
well at base of upper sand at
OLD.

Assessment of stagnation of
down-gradient tPAH
concentrations.
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