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Introduction

Deer Creek is a small perennial stream located in Carlton County and is tributary to the
Nemadji River (Figure 1). In the early 1990’s beaver constructed a large dam on the
Steve and Holly Lundquist property in Sec. 19, T. 47 N., R.16 W. located on the
Wrenshall 7.5 minute quadrangle (Figure 1). According to the land owners, groundwater
seepage and discharge of sand to the surface began about the time the beaver arrived.
The dam was apparently washed out at least twice. On July 4, 1999, the dam was
overtopped and washed out during a series of large thunderstorms (Holly Lundquist,
personal communication 6-29-2005). The beaver repaired the dam, but apparently during
2001, representatives of the Minnesota Department of Natural Resources removed a
beaver dam that impounded a large pond a short distance upstream. This dam was
destroyed with dynamite and the rapid drainage of the large pond washed out the dam on
the Lundquist property once again (Holly Lundquist, personal communication 6-29-
2005). The dam has not been rebuilt.

Groundwater discharge is occurring around the perimeter of the former pond (Figure 2).
The discharge is focused at discrete points that are easily identified by sand volcanoes.
The sand volcanoes are located along fault scarps that are the surface expression of
rotational slumps.

This report summarizes the results of an investigation of groundwater seepage along a
reach of Deer Creek, Carlton County, Minnesota. The groundwater seepage is causing
excessive turbidity, which affects all aspects of stream ecology and contributes large
amounts of sediment to the Nemadji River.
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Glacial History

The study area lies within the Nemadji River watershed. The Nemadji River drains a
broad lowland (Figure 1) bound on the north, west, and south by hummocky topography
of the Nickerson and Thomson glacial moraines (Figure 3). The lowland was formed by
glacial erosion of bedrock by the Superior Lobe of the Laurentide Ice Sheet (Figure 3)
and this lowland is the westernmost extension of the Lake Superior basin.

The glacial history of the Lake Superior basin in Minnesota is summarized by Wright
(1964, 1972) and Wright et al. (1970) and glacial events in adjacent northwest Wisconsin
have been studied in detail by Clayton (1984). Little is known about glacial events in the
Lake Superior Region prior to the Late Wisconsin Stage, although a more complete
record of glacial events is recorded in central Minnesota (Meyer, 1986, 1999).

During Late Wisconsinan glaciation, the Superior lobe reached its maximum extent by
about 21,000 B.P. (Meyer, 1996; Mooers and Lehr, 1997). Ice then retreated and
stabilized at the St. Croix Moraine by about 16,000 B.P. (Clayton and Moran, 1982;
Mooers and Lehr, 1997). Details of this advance, the St. Croix Phase, are documented by
Mooers (1988), Wright (1972), Wright and Watts (1969), Johnson (1986), and Wright et
al. (1970).

The retreat of the Superior lobe from it maximum limit was punctuated by numerous
readvances (Wright et al., 1973). The next phase of the Superior lobe is the Automba
phase is marked by an advance of the Superior lobe into the Mille Lacs region of east-
central Minnesota. Today these drumlins are expressed as elongated NW-trending hills
separated from one another by peatlands. The extent of this advance is defined by the
Mille Lacs Moraine on the west side of Lake Mille Lacs, which turns NE and becomes
the Wright and Cromwell Moraines (Figure 3). It was during this event that the Automba
Drumlin Field in western Carlton County was formed (Figure 3).

Following the retreat of ice from the Automba margin the history of glacial lakes in the
Superior Basin began. Ice must have retreated well into the Lake Superior Basin because
deposits of the next ice advances are rich in clay. Clay could only accumulate to
appreciable thicknesses in a large body of relatively still water. Wright and Watts (1969)
hypothesizes that lacustrine sediments were deposited in a proglacial lake, which formed
in front of the retreating Superior lobe. The existence of this lake is based on
observations of clayey tills associated with the Split Rock phase and are presumed to be
the result of the incorporation of these lake sediments into the ice (Wright and Watts,
1969). The split rock phase was responsible for the deposition of the till plains in
southwestern Carlton County (Figure 3 and 4).

Little is known about the extent of the retreat of the Superior lobe after the Split Rock
Phase. Wright (1972) suggests that the ice retreated well into the Superior Basin,
however, Mooers (unpublished data) suggests that ice only retreated to the position of the
Thomson and Nickerson Moraines (Figure 3 and 4). The Nickerson Moraine is
composed of clay-rich till and a myriad of glacial lacustrine sediment and outwash. In
stark contrast, the Thomson Moraine is composed mainly of glacial outwash composed
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predominantly of gravel. This phase of the Superior Lobe is referred to at the Nickerson
Phase.

As ice retreated from the Nickerson and Thomson Moraines, Glacial Lake Nemadji was
dammed between the retreating ice and the higher morainic topography (Winchell, 1904;
Leverett, 1929; Carney, 1996). Lake Nemadji drained through the Portage Outlet (Figure
3) into the Kettle River. Well defined beaches mark the upper limit of this lake at 1150
feet with the main Lake Nemadji stage at 1100 feet. Once ice retreated from the
Nickerson Moraine along the border between Minnesota and Wisconsin, the meltwater
found a lower outlet along the course of the Brule River in Wisconsin. The level of the
lake dropped to 1065 feet and is marked by a prominent set of beaches in Carlton County
(Figure 3). This stage of the lake is referred to as Glacial Lake Duluth.

In the nearshore lacustrine environments of Lakes Nemadji and Duluth, thick sequences
of sand were deposited. These nearshore sands range from fine to coarse and onlap onto
the gravel deposits of the Thomson Moraine. The deepwater sediment was restricted to
fine silt and clay. Although the general relationship between the nearshore and offshore
sediment is known, the details are not well constrained. Glacial advances into proglacial
lakes rework lacustrine clay, and it is very difficult to distinguish massive lacustrine clay
from clay till deposited by glacier ice.

In any event, at this point there were at least two lake phases, the first after the Automba
Phase and a second after the Nickerson Phase (Figure 4). There is a possibility of a third
lake phase if the ice retreated between the Split Rock and Nickerson Phases (Figure 4).
Therefore the shallow water (coarse grained) sediments of the lake phases are likely to be
separated by clay rich till associated with ice readvance.

The final glacial event was the readvance of the Superior Lobe at about 9900 years BP
(Before Present) in an event known as the Marquette Phase. Ice advanced up to the inner
margins of the Thomson and Nickerson Moraines (Figure 4). This event deposited a
thick (10 — 40 meters) till on top of the previously deposited shallow water sediments of
the previous lake phase.

As ice retreated for the last time Lakes Nemadji and Duluth again came into existence
once again, although this lake phase was likely rather short lived. This event further
complicated the stratigraphy depositing another clay rich, impermeable till on highly
conductive shallow-water lacustrine sand that communicates hydraulically with the
gravel of the Thomson Moraine.
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Methods of Investigation
Regional stratigraphy and landforms

The general geology of Carlton County is well known and numerous maps,
theses, and research articles have been published. Maps were compiled of the regional
geomorphology (Figure 3) (DNR Geomorphology of Minnesota,
http://deli.dnr.state.mn.us). The geomorphology coverage of Carlton County used by
MN DNR was compiled by Mooers (1996) by identifying and delineating
landform/sediment assemblages. The geology of the Wrenshall and adjacent Frogner
quadrangles was the subject of a MS Thesis by Zarth (1977).

Reconnaissance level mapping of sediments was done by walking along Deer
Creek from Hwy 23 to the State Trail north of the study site.

A reconnaissance-level survey was undertaken to map the locations of other areas
were groundwater seeps, similar to those on the Lundquist property, might be occurring.
This survey was primarily done using color aerial photography from the 2003 State of
Minnesota coverage available from the MN DNR. Limited ground investigation was
used to confirm the information.

Site stratigraphy and hydraulic potential mapping

Although the general sequence of glacial sediment is known from regional investigations
(Wright, 1972; Wright et al., 1970; Zarth, 1977; Lannon, 1986), there have been no
detailed investigations of the stratigraphy. To assess subsurface geology well driller’s
logs from the computerized database maintained by the Minnesota Department of Health
(Minnesota County Well Index, http://www.health.state.mn.us/divs/eh/cwi/) were
filtered, downloaded, and compiled. Well driller’s logs are generally considered low-
quality data. However, their abundance can be a valuable asset in subsurface
investigations. Although the drillers have little in-depth knowledge of sedimentology or
stratigraphy, they do know which sedimentary units yield usable quantities of water
(aquifers). It is therefore a relatively simple matter to filter the lithologic descriptions
into aquifers and aquitards. In this area the aquitards are the tills and clayey lacustrine
sediments and the aquifers are the nearshore sandy glacial lacustrine sequences.

Well logs were downloaded the location, elevation, stratigraphic information, and static
water levels were entered into RockWorks® , a comprehensive geological database and
graphic display system. Well logs were plotted as cross-sections and 3-D block
diagrams. Aerial photos and digital elevation models were overlain onto the 3-D images
to aid in geological interpretation. The stratigraphic descriptions from the well logs were
tabulated (Table 1) and a numerical values assigned that represents the relative hydraulic
conductivity of each unit. This numerical value is not an estimate of the actual hydraulic
conductivity, but rather a relative scale that allows units with similar properties to be
displayed.

A potentiometric map of hydraulic head was also added to the 3-D display of
stratigraphic data. The potentiometric surface was reconstructed from the static water
levels recorded at the time the water wells were drilled.
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Site mapping

Detailed site investigation and description involved recording the locations of
groundwater seeps and mapping scarps related to collapse along rotational slumps.
Numerous photos were taken.

Sites visits were made on several occasions including 30 April, 5 and 15 May, 4, 11, and
17 June. The locations of groundwater seeps were recorded using a handheld GPS
receiver. The locations of fault scarps were also mapped by using the handheld GPS
receiver using the systems “track” option. A new track is specified and the GPS receiver
records locations at preset time intervals. The GPS receiver was carried by hand along
the trace of the fault scarps.

Stream discharge

Stream discharge was measured both up stream and down stream of the former beaver
pond. The profile of the stream bed was made and velocity measured at two location
along the profile. Surface velocity was converted to average velocity using the
logarithmic flow equation.

Geophysical survey
A seismic refraction survey was conducted near the site of the former pond in an effort to
characterize the site stratigraphy. Data consisted of:
e One 100 m reversed profile collected with 48 single geophones spaced at
approximately 2 m intervals. Sledge hammer source (stacked x10).
e and Two 50 m reversed profiles collected over the same section. 24 channels
each with 2 m station spacing.

The long line will sense deeper, while the shorter lines, controlled by shallow structure, were
collected to better image near surface detail.

Position and elevation of the individual source and receiver stations were surveyed using a
tape measure for distance, an optical level for elevation, and handheld GPS receiver to
anchor one end of the survey.

Failure analysis

The rotational slumps are the result of failure of the clay confining layer along discrete
planes. In general, this type of failure results from excess pore water pressure reducing
the shear strength of the material below the driving shear stress. To examine the effect of
changes in hydraulic head on the potential failure of the clay confining layer we utilize
the Mohr-Coulomb equation for shear strength (S) of granular material given by

S=C, +(c, —P)tang (1)

where C, is the cohesive strength, o, is the normal force on the boundary of the clay and
underlying aquifer, P is the water pressure, and ¢ is the angle of internal friction of the
clay (Terzaghi et al., 1996). The density of the clay is taken as 1325 kg/m® assuming
50% porosity. The normal stress was calculated using the height of the sediment column



Deer Creek Groundwater Seepage -- Mooers and Wattrus, July, 2005

above the aquifer and the saturation of the clay, which is specified and ranges from 50 to
90%. Water pressure was determined by the height of the potentiometric surface above
the top of the aquifer. VValues for cohesion of the clay come from textbook values and
range from 5000 to 50,000 N/m?. The angle of internal friction was varied from 25° to 5°.

The applied shear stress (7) was calculated using the slope-stress equation

T = pghS , (2)
where p is the density of overlying sediment (sediment and water), g the acceleration of
gravity, h the height of the sediment column, and S is the slope averaged over 34 meters,

a distance that is comparable to the approximate thickness of the clay above the confined
aquifer.
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Results

Regional stratigraphy and landforms

The study area (Figures 1 and 3) extends from the Thomson Moraine on the NW into the
deep water sediments of the Glacial Lake Duluth Basin to the SE. Within the defined
study area 34 well logs were located with stratigraphic logs (Figure 1). Details of these
wells can be found in Table 1, which accompanies this report as an Excel spreadsheet.
Figure 5 is a block diagram of the study area.

Table 2 lists the stratigraphic units listed in the well logs and the relative hydraulic
conductivity scale from gravel, the most highly conductive, to clay, sandy loam and
loam, the least conductive.

Table 2. Stratigraphic units and their relative hydraulic conductivity.

Stratigraphic Unit Relative Hydraulic
Conductivity
Undefined
Gravel
Coarse Sand
Sand
Medium Sand
Fine Sand
Very Fine Sand
Silty Sand
Silt
Silty Clay
Clay
Sandy Loam
Loam
Topsoil

e =
BhEBoo~v~ourwwnro

Figure 5A is a 30-meter DEM of the study area with the study site, the location of the
groundwater seeps, identified. Figure 5B is a 3D view of the water well borings, and
Figure 5C shows the DEM with the well borings underlain. The well borings indicate
that the Thomson Moraine is composed primarily of sand and gravel with interbedded till
sequences. Within the Lake Duluth Basin, however, the sediments are composed mainly
of clayey till and lacustrine clay with interbedded sand and gravel units. Figure 6 is a
fence diagram and clearly illustrates the complexly interbedded sand, gravel, and till of
the moraine in contrast to the thin layers of coarse sediment within the clayey tills and
lacustrine clays of the deep basin. At illustrated in Figure 6, it is likely that the thin sands
in the deep basin are hydraulically connected to the sand and gravel of the Thomson
Moraine.

Site stratigraphy and hydraulic potential mapping

To better describe the stratigraphy at the study site, a 3D lithology model is used (Figure
7). Figure 7Ais a 3D lithology model showing only the sand and gravel (till and fine-
grained lacustrine sediment have been removed) along with the well boring logs. The
thick sand and gravel sequences in the Thomson Moraine are clearly illustrated. Figure
7B is the same image overlain with the Study area DEM. Figure 7C is shows the
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potentiometric surface of the static water level recorded at the time the wells were drilled.
Although the water levels were recorded at different times, and in many cases different
aquifers, the surface still presents a reasonable representation of the hydraulic potential.

Site mapping

Eight areas of focused groundwater seepage were identified and located using GPS along
the edges of the former beaver pond (Figure 8). Several other areas could be seen near
the present creek in but were inaccessible. Many of these take the form of sand
volcanoes. Often these groundwater seeps are focused along rotational fault scarps
(Figure 8). Figure 9A shows the details of one of the sand volcanoes and Figures 9B and
C illustrate the spatial relations among the groundwater seeps. Most of the seeps have
fairly low discharge, typically estimated at 1-5 gallons per minute.

Around the perimeter of the former pond are numerous fault scarps (Figure 8). Typical
displacement along the faults is from 3 to as much as 10 feet (Figure 10). The faults are
arcuate and concave toward the sand volcanoes (Figure 8).

Stream discharge

Stream discharge was measured above and below the area of groundwater seepage.
Results are presented in Table 3. Upstream discharge was estimated at 900 gal/min and
the downstream discharge at 1005 gal/min.

Geophysical survey
Results of the Geophysical survey identified four layers.
1. An upper horizon about 0.7 meters thick with very slow seismic velocities of 154
m/s.
2. Between 0.7 and 8.2 meters is another layer with a seismic velocity of 940 m/s. This
velocity is still relatively slow suggesting a relatively low density.
3. Layer three has a seismic velocity of 1690 m/s; this is still seismically slow and,
although denser than layer two, suggests a relatively low density material.
4. Layer four has a seismic velocity of 2760 m/s and is significantly denser that the
upper three layers

Layer 1 is interpreted as the saturated, bio and cryoturbated soil horizon. Layers two and
three are most likely clay horizons. Clay has a fairly low density because of its relatively large
porosity (often in excess of 50%). The velocity in layer four is consistent with that of
saturated sand. This seismic refraction survey assumes that the velocity of the system
increases with depth. This is a reasonable assumption as the degree of compaction increases
with burial depth. If, however, there were clay below layer 4 with a lower seismic velocity, it
would not be apparent. To resolve the stratigraphy in greater detail a high-resolution seismic
reflection survey would be required. There is no evidence of a regional dip of the strata.
There is, however, strong evidence of displaced refracted arrival from 3rd horizon observed
at approximately 65 m along line. This refracted arrival suggests that the horizon is faulted
(downthrown in the direction of Deer Creek). Measured displacement of ~ 3 ms translates
into a displacement of the horizon of ~ 3.5 m. Possibly a second fault (with similar
displacement) at approximately 84 m. The results of the geophysical survey are elaborated in
Appendix 1.
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Table 3. Stream discharge calculations

Upstream
Depth depth (ft) Dist velocity Discharge
(in) (ft/s)
0 0
5 0.42 0.5 1.42276423 0.296409
5 0.42 1 1.42276423 0.296409
4 0.33 15 15 0.25
35 0.29 2 1.6 0.233333
3 0.25 2.5 1.69218372 0.211523
3 0.25 3 1.69218372 0.211523
25 0.21 35 1.4 0.145833
25 0.21 4 1.4 0.145833
25 0.21 45 1.2 0.125
1 0.08 5 1.1 0.045833
1 0.08 5.5 1.07692308 0.044872
6 0
2.006569 cfs 120.3942 cfm
900.5484 gal/min
Downstream
Depth depth (ft) Dist velocity Discharge
(in) (ft/s)
0 0 0 0 0
2.5 0.208333 0.5 1.07181136 0.111647
5 0.416667 1 1.07181136 0.223294
8 0.666667 15 1.3 0.433333
10 0.833333 2 1.60771704 0.669882
12 1 2.5 1.60771704 0.803859
0 0 3 0 0

2.242015 cfs 134.5209 cfm
1006.216 gal/min

difference 14.12673 cfm
105.6679 gal/min

Failure analysis

Results of the failure analysis are summarized in Figure 11, and the values used in this
analysis are given in Table 4. Shown on Figure 11 are the land surface topography, the
shear strength of the clay determined by equation 1, and the applied shear stress
determined by equation 2. In areas where the slope of the land surface exceeds about
10%, the driving shear stress is greater that the shear strength of the clay. Slopes of this
magnitude are common along the incised streams of the Nemadji River Basin. Therefore
stream incision causes local slope to increase resulting in failure of the clay as rotational
slumps. Water under high hydraulic head in the confined aquifers then seeps to surface
contributing baseflow to streams and often greatly increases the sediment load to the
streams.
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Table 4.
Parameter Value Range for sensitivity analysis
Clay density 1325 kg/m3
Clay porosity 50%
% saturation 70% 50-90%
Angle of Internal 25° 5-25°
Friction
Cohesion 50,000 Pa 5000 — 71,000 Pa

10
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Discussion

The sediments of the Nemadji River Basin consist of a thick sequence of lacustrine clays and
clay tills interbedded with thin nearshore lacustrine sediments composed of sand. These
nearshore sands communicate hydraulically with coarse sand and gravel sequences in the
topographically higher Thomson Moraine (Figures 5, 6, and 7). Potentiometric head in the
confined lacustrine sands therefore reflect the elevation potential of groundwater in the
moraine. There are two well-defined confined aquifers in the study area (Figure 7), which
are used extensively for domestic supplies of water. The uppermost of these shallow water
lacustrine sequences lies at an elevation of approximately 260 m (850 feet). The
potentiometric surface in this aquifer lies roughly 33 m (100 feet) above the top of the
aquifer, and artesian conditions can be found throughout the area (Figure 7). The results of
the geophysical survey confirm the stratigraphic observations from well borings, and
furthermore divides the clay confining unit into essentially two layers. An upper unit about 8
meters thick underlain by another unit about 34 meters in thickness.

The groundwater discharge around the perimeter of the former beaver pond on the
Lundquist property, which is identified by the presence of sand volcanoes, is occurring along
discrete faults that cut through the entire thickness of the clay sequence. The volume of
sand discharged along with the water is difficult to determine. However, the volume loss of
sand from the aquifer buried at least 40 meters down is significant, and can be estimated
from the geometry of the collapsed rotational slumps. The overall drop across the faults
shown in Figure 8 is approximately 5-6 meters over an area of 10,000 m” for an estimated
volume of 50,000 m’ (roughly a cube 40 meters on a side).

The volume of seepage is difficult to measure. Stream flow measurements suggest about 100

gallons per minute, but the flow rate was likely much higher during the spring recharge event
in March and April.

The cause of the initial failure of the clay cannot be determined conclusively. However, the
results of the failure analysis suggest that the shear strength of the clay and the driving shear
stress lie very close to one another. Any small reduction in shear strength, say from an
increase in pore water pressure, could lead to failure of the clay by rotational slumping. At
its largest extent the beaver pond was on the order of 3 meters in depth. This local increase
in hydraulic head could have had several impacts on the sediment. The increase in load
could have increased locally the shear stress and/or decreased the shear strength along the
lower boundary of the clay by elevating pore water pressure. In any event, Figure 11
illustrates that any where local shear stress is elevated by increased slope, the driving stress
exceeds the shear strength of the clay. This is particularly the case adjacent to the incised
river channels of the Nemadji River Basin (Figure 11).

Once the system began to fail along rotational faults, dewatering and loss of aquifer material
by seepage led to volume loss and further slumping. Essentially a positive feed back. More
slumping led to more discharge and more rapid collapse of the clay. It is likely that this
dewatering and slumping process will continue for the foreseeable future. Analysis of the
seismic refraction survey suggests that at least on fault with 3 meters of offset can be seen in
the subsurface, although it does not yet have any surface expression.

11
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Other occurrences of failure and seepage have been identified through the area. All of these
occur in the area where the potentiometric surface of the aquifer meets or lies above the land
surface (Figure 7).

12
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Recommendations

The seepage of groundwater along failure planes in the Nemadji River Basin clays is a
phenomena that is widespread throughout the region. The seepage is driven by high
potentiometric surfaces in local aquifers. When the potentiometric surface exceeds the
land surface, the shear strength of the clay is reduced to the point where a small increase
in driving stress leads to rotational failure. Seepage can then begin. Fractures are
quickly opened by the flow and loss of aquifer material occurs. This process can occur
virtually anywhere, but is most likely in settings like that at the Lundquist property. Here
a beaver dam led to a local increase in hydraulic head adjacent to an incised channel
where the shear stress is elevated by local slope increase. Similar setting of groundwater
seepage have been identified.

Mitigating the problem may prove to be difficult. About the only effective way would be
to lower the hydraulic head in the vicinity of the groundwater seepage. Installation of
groundwater withdrawal wells could lower the potentiometric surface. However, there is
a problem with disposal of the pumped water. It cannot be added back into local streams
without causing local erosion of stream beds, and one turbidity problem may be
exchanged for another. Installation of a French drain is another possibility, but would
likely prove to be expensive. The aquifer in question is buried by 30+ meters of clay.

At this point the most reasonable option seems to be to leave the systems alone.

Eventually the system should reach equilibrium between driving forces causing rotational
failure and resisting forces stabilizing the clay. At that time the seepage will likely stop.

13
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Appendix I

Preliminary Analysis of Seismic Refraction Survey
collected at Deer Creek 6-11-05

Data consisted of:

e 100 m reversed profile collected with 48 single geophones spaced at
approximately 2 m intervals. Sledge hammer source (stacked x10).

e 250 m reversed profiles collected over the same section. 24 channels each with 2
m station spacing.

Long line will sense deeper. Shorter lines controlled by shallow structure and were collected
to better image near surface effects. (These have not been analyzed yet).

Position and elevation of the individual source and receiver stations were measured after the
survey was completed. There is a moderate drop in elevation towards the end of the line
closest to Deer Creek.

Results

e No surface elevation corrections have been applied to the data
e Preliminary analysis of the data shows a 4 layer system
e Apparent dip (< 3 degrees) away from the creek end of the line.

0 We have no evidence to suggest that data was acquired in the down-dip
direction.

O Apparent dip may result of topographic change along line i.e. apparent
increase in thickness of near surface layer may simply be the consequence
of the change in surface elevation. In other words, the surface is sloping
toward the creek while the subsurface layers are flat.

o General structure:
0 V1=154m/s - very slow, Z1=0.7 m (Soil horizon?)
0 V2=940m/s —slow, Z2=8.2 m
0 V3=1690 m/s—clay? Z3 = 42.7 m
0O V4 =2760 m/s — saturated sand?

e Strong evidence of displaced refracted arrival from 3 horizon observed at
approximately 65 m along line. Suggests that the horizon is faulted (downthrown in
the direction of Deer Creek). Measured displacement of ~ 3 ms translates into a
displacement of the horizon of ~ 3.5 m. Possibly a second fault (with similar
displacement) at approximately 84 m.

O Evidence of collapse due to evacuation of underlying sand?



Deer Creek Groundwater Seepage -- Mooers and Wattrus, July, 2005

O Lack of surface expression suggests that this is not directly linked to recent
changes in the creek’s condition.
O Taults represent possible pathways for groundwater. Probably more exist.

90.0

80.0

70.0 .

50.0 /

A [

*
B

20.0 *

*

10.0 =

0.0

0 2‘0 40 60 80 100
o]
o] Seismic refraction profile analysis. Note offset in profile at 63 meters and

possibly at 86 m. These offsets could be interpreted as faults.
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Figure 1. Location of study area and wells used in stratigraphic analysis.
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Figure 2. A.Portion of the Wrenshall digital orthophoto 7.5 minute quadrangle. B. Aerial photograph
of the study site, 2003 series photo courtesy of the MNDNR.
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Figure 3. A. General geomorphology
of Carlton County. B. Major lacial
lobes of Minnesota.
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Figure 4. Distance - time diagram of the advances of the Superior Lobe and their relation to Glacial
Lake Duluth. A.Scenerio suggested by Wright (1972). B. Scenerio suggested by Carney (1996).



Figure 5. A.3-D view of the study area from the SE. Portion of the Wrenshall 30-meter DEM. B. View of the
study area water well borings with stratigra;hy. C. Combined image.
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Figure 6. Fence diagram to illustrate stratigraphic relationships in the Nemadji River Basin.



Figure 7. 3-D block diagram of A.aquifer units with water well logs. Units 1-6 (Table 2) are shown.
B. Image of stratigraphy with DEM overlain. C. Same image as in B, but with water table also shown.
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Figure 8. Local study area showing locations of sand volcaloes , rotational slumps, and the seismic
refraction survey.



Figure 9. A.Typical form of sand volcanoes. B.and C. show locations of several sand volcanoes at the
study site.



Figure 10. Typical expression of rotational fault scarps.



Results of Failure Analysis
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Figure 11. Results of failure analysis. Graph illustrates the relations among surface elevation, shear
strength of the clay, and the driving stress. Note that the shear stress exceeds the shear strength
in locations where the surface slope is large.





