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Monitoring and Modeling Valley Creek Watershed:

5. Groundwater Hydrology and Flow Model

By
JAMES E. ALMENDINGER
STUART E. GRUBB?

!St. Croix Watershed Research Station, Science Museum of Minnesota
’Emmons and Olivier Resources

Extended Abstract

Valley Creek in southeastern Washington County, Minnesota, is one of the finest
trout streams remaining in the Minneapolis-St. Paul metropolitan area. The two perennial
branches, the North Branch (about 2.22 km long) and the South Branch (3.15 km),
combine to form the main stem (2.45 km), which is tributary to the St. Croix River. The
watershed is presently mostly rural but faces potential urbanization in the coming
decades. Trout streams are sensitive to land-use practices such as urbanization and
agriculture that can degrade water quality. Urbanization can increase runoff from
impervious surfaces and reduce groundwater discharge, thereby altering the temperature
regime of streams. In particular, midwestern trout streams depend on strong groundwater
discharge to provide relatively clean water that remains cool enough in summer to
support trout. The purpose of this study was to describe the groundwater hydrology of
Valley Creek and to model the regional groundwater-flow system that delivers water to
the creek.

The groundwater hydrology of Valley Creek comprised local stream-groundwater
interactions and regional groundwater flow. Local stream-groundwater interactions were
investigated by documenting the occurrence of springs, by measuring heads in shallow
piezometers driven through the stream bed, and by measuring baseflow at selected points
along the stream channel. Approximately 85% of the baseflow of South Branch Valley
Creek was fed by springs and seeps in the upper 0.75-km headwaters reach, assuming
baseflow measurements taken in spring 1999 were representative. All piezometers in this
area had positive (upward) head gradients, indicating groundwater discharge into the
stream channel. Nearly all the baseflow of North Branch Valley Creek appeared to
derive from the outflow from Lake Edith, which was itself presumably fed by
groundwater discharge. Piezometers along this branch had negative (downward) head
gradients, indicating seepage of stream water out of the channel. One piezometer was
dry, indicating perched conditions. Apparently, little groundwater discharge occurred in
the North Branch below the lake outlet. In the main stem of Valley Creek, below the
confluence of the North and South branches, a few springs and wetland seeps contributed
groundwater, constituting about 11% of the baseflow at the mouth.

Regional groundwater flow was inferred from contour maps of potentiometric
surfaces (well-water levels) for the major aquifers in Washington County. The aquifers
that may influence groundwater discharge to Valley Creek are the Quaternary (glacial



drift) aquifer, the St. Peter aquifer, the Prairie-du-Chien/Jordan (PdC/J) aquifer, and the
Franconia-Ironton-Galesville (FIG) aquifer. Groundwater divides were drawn for each
aquifer layer by tracing groundwater highs (analogous to drawing a surficial watershed
boundary by tracing topographic highs), beginning near the mouth of Valley Creek. The
area enclosed by the groundwater divide in each aquifer is, in this report, referred to as
the groundwatershed for that aquifer. As the channel of Valley Creek lies mostly within
the elevation of the PdC/J aquifer, the groundwatershed for this aquifer was considered
the most important contributor of groundwater to the creek and occupied an area of about
60—80 km® (23-30 mi®). This area was significantly larger than the surficial watershed
(about 44 km?, or 17 mi®), which could help account for the abundant baseflow of Valley
Creek. In addition, the FIG aquifer may also be an important source of groundwater to
the creek, although data were too sparse to construct a groundwatershed for that aquifer.

A regional analytic-element groundwater-flow model was constructed for the
Valley Creek area with the MLAEM modeling program, based on regional template
models developed by the Minnesota Pollution Control Agency and the South Washington
Watershed District. The model had three layers, approximately representing the
Quaternary (layer 1), the St. Peter (layer 2), and the PAC/J (layer 3) aquifers. The model
was calibrated to measured baseflows in selected reaches of Valley Creek and to
measured groundwater levels as generalized by the maps of potentiometric surfaces.
Model results indicated that the layer 3 groundwatershed covered about 60 km” and
corresponded closely in size, shape, and position to that mapped for the Prairie du Chien
aquifer. Groundwater travel times (the time it takes groundwater to reach the creek) over
most of the groundwatershed were about 30—40 years, but ranged from about 10 years
within 2—-6 km of the creek to about 60—70 years at the farthest boundaries of the
groundwatershed. Because most of the groundwater reaching Valley Creek is apparently
relatively young, perhaps less than 30—40 years since the time of infiltration, it may
contain anthropogenic tracers and pollutants, such as nitrates.

Valley Creek has remained a fine trout stream probably because of its large
baseflow component, which is derived over a relatively large groundwatershed. A large
baseflow seems critical in giving the creek resilience to short-term disturbances, such as
extreme floods or siltation events. Strong baseflow can promote recovery of the stream
to pre-disturbance conditions by helping to wash away the dissolved and particulate
inputs from such disturbances. Urbanization has been documented to reduce baseflows.
Because the groundwatershed of Valley Creek extends to the north and west into rapidly
urbanizing areas, care should be taken to minimize practices that reduce infiltration in
these areas. In short, maintaining the quantity of groundwater discharge to Valley Creek
will be a key factor in keeping it a healthy trout stream and allowing it to recover from
potential impacts, should they occur.



INTRODUCTION

Trout streams are highly-valued natural resources that are sensitive to land-use
practices that can degrade water quality (Hicks and others, 1991; Kemp and Spotila,
1997). Agriculture and urbanization are land uses that can increase the input of nutrients
and suspended sediment to streams (Waters, 1995; Booth and Jackson, 1997; Spahr and
Wynn, 1997; Wahl and others, 1997). Such increases can alter aquatic ecosystems by
spurring the growth of algae and aquatic macrophytes and by siltation that can reduce or
otherwise change the aquatic insect community that form the food base of desired fish
species (Richards and Host, 1994; Waters, 1995). Trout are particularly sensitive to
changes in water temperature, and summer runoff from urban impervious surfaces can
raise stream water temperature above that required for survival of trout (Schueler, 1994).

Valley Creek in southeastern Washington County near the village of Afton
(Figure 1) is perhaps the finest trout stream in the Minneapolis-St. Paul metropolitan
area, with all three species of stream trout (brown, rainbow, and native brook)
reproducing successfully in the creek (Waters, 1983). The two perennial branches, the
North Branch (about 2.22 km long) and the South Branch (3.15 km), combine to form the
main stem (2.45 km), which is tributary to the St. Croix River. The watershed is
presently largely agricultural, with scattered rural-residential developments (Pitt and
Whited, 1999). However, the watershed is at the margin of the rapidly-developing fringe
of the metropolitan area and faces potential urbanization in the coming decades. The
watershed soils are dominated by glacial outwash with high infiltration capacity, and
direct overland runoff rarely contributes significantly to stream flow, about once or twice
per year during extreme rainfall or snowmelt events. Consequently, stream flow is
typically at baseflow, when groundwater discharge is the primary source of water to the
creek (Almendinger and others, 1999).

For midwestern streams, strong groundwater discharge is essential for
maintaining equable stream-water temperatures within the range required by trout.
Groundwater discharge keeps streams cool enough in the summer to sustain juvenile and
adult trout, and warm enough in the winter and spring to allow proper development of
eggs deposited by fall-spawning trout. Nonetheless, groundwater flow is rarely studied
comprehensively in trout stream studies, perhaps because of the difficulty of obtaining
data, the mathematical complexities of groundwater flow, and the difficulty of
coordinating interdisciplinary research among biologists and hydrologists.

Little is known about how urbanization affects stream-groundwater interactions.
Simmons and Reynolds (1982) demonstrated that stream baseflows decreased with
urbanization, but there is question regarding the mechanism (Schueler, 1994). Reduced
groundwater recharge and lower water tables because of limitation of infiltration by
urban impervious surfaces is a reasonable hypothesis. However, further work needs to be
done to corroborate the relationship and to determine if baseflows decrease because of
reduced groundwater recharge and lower water tables, loss of diffuse inputs of water
other than groundwater discharge to baseflow, reduction of the recharge area of the creek,
or some combination of these causes.

Because of the present high quality of Valley Creek and the potential for
urbanization in its watershed, in 1997 the St. Croix Watershed Research Station began a
project to monitor the stream for base-line data and to model the stream hydrology in



order to better understand how urbanization and other land uses could impact the stream.
Five long-term stream gauging and sampling stations were established on the creek to
monitor stream flow and chemistry (Figure 1). Groundwater discharge to the creek is the
dominant source of water in much of the creek and of fundamental importance in
maintaining suitable habitat for trout (Almendinger and others, 1999). Given the
importance of groundwater discharge to the hydrology of the creek, the purpose of this
report is to present known local and regional groundwater-stream interactions in Valley
Creek and to document a regional groundwater flow model of the area. Shallow
piezometers were driven through the streambed at or near these stations to assess local
stream-groundwater interaction, and existing hydrogeological data were compiled to
assess regional groundwater flow patterns and to delineate an approximate
“groundwatershed” (that is, the area of aquifer that contributes to groundwater discharge
in the creek) for each major aquifer. The flow model was also used to identify a
groundwatershed, as well as to estimate travel times of groundwater flow. The scope of
the study was limited to data collected during 1997-98 in Valley Creek watershed plus
those data in existing hydrogeologic data bases for Washington County. The most
significant result of the study was that the primary groundwatershed for the creek covered
about 60—80 km®, significantly larger than the area of the surficial watershed, and
extended northwesterly through a sandplain area with large infiltration capacity.
Groundwater travel times (the time it takes groundwater to reach the creek) over most of
the groundwatershed were about 30—40 years, but ranged from about 10 years within 2—6
km of the creek to about 60—70 years at the farthest boundaries of the groundwatershed.
The reader is cautioned that these estimates of groundwatershed area and groundwater
travel times could be significantly in error, as with all regional data interpretations and
models.

BACKGROUND CONCEPTS AND METHODS

Local Stream-Groundwater Interactions

In this report, local stream-groundwater interactions refer to the exchange of
water between the stream and surficial aquifer through the streambed or adjacent riparian
zone. Such interactions include springs evident along the stream channel as well as more
diffuse groundwater discharge through the stream bed. A spring is simply a very
localized area (essentially a point at the watershed scale) of groundwater discharge,
typically with flow evident to the eye. Most springs are identified along stream banks by
little rivulets that trickle into the stream. Springs that discharge through the streambed
are identified by visible, turbulent disturbances to the stream sediment or water surface
and are called “bubbling” or “boiling” springs, even though such springs typically are not
thermal.

Excluding inputs from tributaries, a stream reach with increasing flow
downstream during baseflow conditions is called a “gaining” reach, because there is a net
gain of flow due to groundwater seeping into the channel (influent groundwater) from the
adjacent aquifer where the water table is higher than the stream level (Figure 2a).
Conversely, a stream reach with decreasing flow downstream is called a “losing” reach,
because there is a net loss of flow due to stream water seeping out of the channel



(effluent stream water) into the adjacent aquifer where the water table is below the stream
level (Figure 2b). At the watershed scale over the full length of a stream, virtually all
perennial streams are “gaining” (except perhaps those in very arid climates), meaning
that the gains from gaining reaches exceeds the losses from losing reaches. At the very
local scale the pattern can become more complex, and groundwater may be influent on
one side of the channel and stream water effluent on the other side. Conditions can
change rapidly during storm events with high flows, and some reaches that were formerly
gaining can temporarily become losing reaches as water levels in the creek rise above the
surrounding water table. The amount of water that enters the adjacent aquifer from the
stream during such flood events is commonly called bank storage, from which water
returns to the stream when its levels subside after the flood event.

In theory, gaining and losing reaches can be identified by careful stream flow
measurements along the course of a stream. However, in practice, it is difficult to
measure flow precisely enough over short reaches (for example, hundreds of meters) to
identify clear gains or losses. Over longer reaches (for example, kilometers) most
streams are gaining; hence losing reaches are rarely clearly identified. Because gaining
or losing reaches depend on the relative elevations of the stream and adjacent water table,
and because the water-table elevation is partially dependent on unknown heterogeneities
in aquifer permeability, it is difficult to predict the location of gaining and losing reaches.
One generality is that losing reaches can be found near increasing breaks in stream
gradient (where the stream becomes suddenly steeper, such as at the head of a falls,
rapids, or even a riffle; Figure 2c). Conversely, gaining reaches can be found near
decreasing breaks in stream gradient (where the stream suddenly becomes less steep,
such as at the base of a rapids or riffle). Wetlands can form in similar topographic
positions at the base of steep slopes (Winter, 1988) where groundwater discharge is
enough to inundate the valley floor. Ultimately this discharging groundwater can migrate
laterally to the adjacent stream and contribute to stream flow.

Besides numerous streamflow measurements taken along the stream, piezometers
are another tool that can be used to identify areas of influent groundwater or effluent
stream water. A piezometer is constructed the same as a well, that is, a pipe with a
screened (perforated) section near the bottom, except that a piezometer is used primarily
for measuring “head” (water level), and a well is used primarily for extracting water. In
this study, small piezometers (3.2-5.1 cm diameter galvanized pipe, with a 15-cm long
screen) were driven into the channel so that the middle of the screen was 1.5 m below the
streambed. Influent groundwater is indicated by the piezometer water level being above
stream water level (Figure 2a). Effluent stream water is indicated by the piezometer
water level being below the stream water level (Figure 2b). If the piezometer is dry, then
the stream is not only effluent (losing) but also likely “perched” over an unsaturated
zone, with the water table somewhere below the bottom of the piezometer (Figure 2d).
However, truly perched conditions are generally considered to be rare. Piezometer
measurements can only indicate influent groundwater or effluent stream water at a very
small area (virtually a point), and cannot demonstrate with certainty that a selected stream
reach has a net gain or loss of flow. Furthermore, trying to use piezometer measurements
in Darcy’s Law calculations (head gradient times permeability) to estimate flow into or
out of the creek bottom is dubious because of unknown variability in permeability and
head gradient along the creek.



On a watershed scale, groundwater discharging into the stream tends to be
younger in the upper stream reaches and older near the stream mouth (Modica and others,
1998). (The age of groundwater refers to the time of travel from its infiltration in the
recharge area to its discharge into the stream channel.) However, in local detail at the
point of discharge, the age of groundwater varies across the stream-channel cross section,
generally with younger groundwater entering near the edges of the stream, and older
groundwater entering near the middle of the stream (Figure 2a). Regional flow patterns
can distort this general scheme significantly, and in practice it is difficult to predict the
location of where the oldest groundwater enters the stream channel (Modica and others,
1998).

Regional Groundwater Flow: Hydrogeologic Setting and
Conceptual Model

In this report, regional groundwater flow refers to watershed-scale flow patterns,
from the area of recharge to the points of discharge, specifically creeks or rivers. The
hydrogeologic setting is a description of the various unconsolidated and bedrock units the
groundwater passes through as it moves from the recharge area to the creek. A
conceptual model of this system is a qualitative assessment of regional groundwater flow
based on available information about the regional geology and hydrology. This
qualitative model is useful for guiding the construction and evaluation of the more
rigorous computer model to be presented later in the paper. Here we introduce the
geologic framework, basic groundwater flow concepts, and the likely hydrogeologic
boundaries of the flow system. The discussion must range beyond the watershed of
Valley Creek to include the entire southern half of Washington County, because the
groundwater flow system that contributes to Valley Creek can only be defined within the
context of the surrounding regional groundwater flow system.

Agquifers in the Twin Cities metropolitan area include unconsolidated surficial
materials overlying lower bedrock units, separated by variably leaky confining units
(Kanivetsky and Cleland, 1990; Mossler and Bloomgren, 1990). These aquifers are, from
youngest to oldest, the surficial Quaternary aquifer, the St. Peter aquifer (Ordovician
sandstone), the Prairie du Chien aquifer (fractured Ordovician dolostone), the Jordan
aquifer (Cambrian sandstone), the Franconia aquifer (Cambrian dolostone), the Ironton-
Galesville aquifer (Cambrian sandstone), and the Mount Simon aquifer (Cambrian
sandstone) (Figure 3). The bedrock units dip to the west and so rise progressively in
elevation from west to east across the county. The rise steepens near the mouth of Valley
Creek, where the bedrock forms the Hudson-Afton anticline (an upward fold), which
brings the deeper bedrock units to some of their highest elevations in the county. In
southern Washington County, the uppermost bedrock aquifer, the St. Peter, has patchy
distribution across the county, as portions were evidently eroded away in earlier times.
The lower bedrock aquifers are generally extensive across southern Washington County,
except in bedrock valleys cut in pre-glacial times that are now commonly filled with
glacial drift of sometimes high permeability. Quaternary drift covers most of the county,
except in the southeastern part which was beyond the extent of the last glacial advance
and includes the southernmost part of the Valley Creek watershed. This area has only a
thin layer of unconsolidated materials overlying bedrock (Meyer and others, 1990).



Groundwater flows from areas of higher hydraulic head to areas of lower
hydraulic head. Head is the elevation of water in a well; for a surficial aquifer, the head
at the water table is simply the water-table elevation. The water table can be mapped and
its elevations contoured; this map represents a potentiometric surface, and each contour
line (called an equipotential) is a line along which the head is the same. For a surficial
aquifer, the water table and potentiometric surface are synonymous. Groundwater in the
surficial aquifer simply moves from areas with a high water table to those with a lower
water table. The difference in hydraulic head per unit distance traveled is called the
hydraulic head gradient, which is the slope of the potentiometric surface. The head in
deeper aquifers can likewise be determined by measuring the elevation of water in wells
that are screened in that aquifer. With enough wells, the heads of a deeper aquifer can
also be mapped and contoured, and the resulting map represents the potentiometric
surface for that aquifer. As in a surficial aquifer, water in deeper aquifers moves from
areas with higher heads to those with lower heads. Flow in aquifers is predominantly
horizontal. In a system of stacked aquifers such as in Washington County, different
aquifers may have different heads, and flow may be induced between aquifers by leaking
through the confining units that separate them. Flow in these confining units is
predominantly vertical, and, as before, occurs in the direction from the aquifer with
higher head to the one with lower head. Ridges in the potentiometric surface are called
groundwater divides, because groundwater flows away from such a ridge in opposite
directions. Groundwater divides delineate areas of aquifers that discharge to different
points. For example, the area of aquifer that contributes groundwater to Valley Creek can
be delimited by tracing the groundwater divide that begins at one side of the creek mouth,
encircles the contributing area, and ends at the other side of the creek mouth. In this
report, we call this area the groundwatershed of the creek for a given aquifer, analogous
in concept to a watershed boundary. Technically, each aquifer has its own
groundwatershed that contributes to the creek, because each aquifer has its own
potentiometric surface. Furthermore, a groundwatershed constructed by tracing
groundwater divides on a potentiometric-surface map should conservatively be called a
possible groundwatershed, because not all the water within a groundwatershed will
necessarily reach the creek. This is because leakage may occur into another aquifer layer
where flow directions may not lead to the creek.

In this study, potentiometric surfaces were mapped from several data sources. For
the Quaternary aquifer, the potentiometric map was developed from the elevations of
surface-water bodies (perennial lakes, wetlands, and streams) as depicted on 1:24,000
topographic maps of the area. The implicit assumption is that these water bodies are
contiguous with the water table, and that the heads indicated by this inferred water-table
surface are representative of those deeper in the Quaternary deposits. That is, we
assumed that most perennial water bodies are not perched and that vertical head gradients
are small compared to horizontal gradients. For each of the underlying bedrock aquifers,
static water levels of wells were used to determine the potentiometric surface. A file of
well locations in Universal Transverse Mercator coordinates was merged with a file of
static water level readings for each well by matching unique well identification codes
(Minnesota Geological Survey, personal communication, 1999). The resultant file was
sorted according to the aquifer in which the well was screened. Base maps for
Washington County were produced with ArcView geographic information system (GIS)



software. For each aquifer, data points were plotted on this base map and labeled with
their water levels. Water elevations in each aquifer were contoured by hand, as opposed
to using electronic contouring programs. On the resulting contour maps of
potentiometric surfaces, groundwatersheds were delineated for each aquifer by hand-
tracing groundwater divides as indicated by the contour lines.

The reader is cautioned that the maps of potentiometric surfaces and the
groundwatersheds so constructed are interpretations of point data, the quality and spatial
distribution of which are variable. Static water levels of wells were taken from drillers’
logs collected over many years and subject to prevailing conditions in the aquifer at that
time, artifacts due to drilling, and the judgment of the driller. Determination of the
overlying stratigraphy and screened aquifer is subject to interpretation of well logs by
Minnesota Geological Survey personnel. In particular, the mapped groundwater divides
must be understood to be only generalized two-dimensional indicators of true
groundwater divides, which are actually three-dimensional surfaces that separate volumes
of aquifers contributing groundwater to different points of discharge. The mapped
locations of groundwater divides are especially less certain near their upper regions,
where flattened potentiometric surfaces make identifying the location of the divide
difficult. Potentiometric surfaces and geology for each of the relevant aquifers in the
Valley Creek area will be discussed in greater detail in a later section of this report.

Groundwater recharge derives from precipitation (including snowmelt) that is in
excess of losses to evapotranspiration and overland runoff. Recharge can occur over the
entire landscape but is especially prone to occur on relatively level areas with coarse soils
and closed drainages, such as the glacial outwash plains that are extensive in Washington
County. The infiltrated water percolates vertically through the unsaturated Quaternary
(or other surficial) deposits to the water table, where it begins to flow via hydraulic head
gradients mostly horizontally through the aquifers (and perhaps vertically through some
of the confining units) to the points of discharge. The major points of discharge are
rivers and streams; wells are also points of discharge and can influence groundwater flow
patterns if pumping rates are high. In Washington County, the St. Croix River to the east
and the Mississippi River to the south and west are the major points of discharge for
regional groundwater flow, although tributary streams such as Valley Creek can also be
significant. Discharge to these streams and rivers essentially drains water from the
aquifers, thereby lowering the water table and potentiometric surfaces of deeper aquifers
in the vicinity of streams and rivers. Consequently, the water table and potentiometric
surfaces of deeper aquifers are mounded in the central part of the county and slope
toward the streams and rivers. As a result, groundwater in central and southern
Washington County generally flows from the central part of the county outward toward
the major rivers to the east, south, and west. The depth of groundwater flow is not well
known, but water from the central part of the county may penetrate to the deeper bedrock
aquifers before moving toward the St. Croix or Mississippi rivers, where it must migrate
vertically back upward to discharge. Water that recharges closer to the rivers may only
penetrate to the uppermost aquifers before reaching the discharge point.



Analytic Element Groundwater Modeling

Analytic element groundwater modeling (Strack, 1989) is a method to
mathematically simulate groundwater heads (elevations) and flow on a computer. Input
to the model consists of geologic and hydrologic data. The basic geologic data consists
of the elevations and permeabilities the various aquifers and confining units. The
hydrologic data includes the recharge rate (for example, the amount of water that
percolates down to the water table each year) and the elevations of known points of
discharge, namely the major rivers and creeks. Other features such as wells with known
pumping rates and lakes with estimated water balances can be added. The model then
calculates the potentiometric surface for each aquifer, the amount of discharge reaching
the creeks and rivers, and the groundwater flow paths and travel times.

The analytic element method works by creating mathematical functions that
simulate the geometry and hydrology of various hydrological features that occur in
aquifers or at their boundaries. Each of these features becomes an “analytic element” in
the model. Each element has a geometry appropriate to the type of feature being
simulated: wells are represented by points; small streams are represented by linked line
segments; and larger water bodies, areas of recharge, areas of different aquifer
permeability, and areas of leakage between aquifers are represented by polygons.

One advantage of analytic element models over other types of groundwater
models is that very detailed information for an area of interest can be easily added to a
regional model that serves as a starting template. Groundwater flow systems interact
over very large areas, and model of a local area must mesh with the regional flow pattern
to be realistic. One disadvantage (at present) is that the analytic element method is
limited to steady-state conditions, that is, conditions that do not change over time. For
example, if the recharge rate suddenly decreased because of a change in climate, an
analytic element model could not simulate the rate of change as the water table dropped;
it could, however, estimate the final position of the new water table in response to the
drier climate.

Errors in groundwater models occur for several reasons. First, the subsurface
geometry and hydraulic variables of subsurface geologic strata are difficult to determine
and must be estimated from well logs. Even if the geometry and hydraulics of various
aquifers and confining beds were known perfectly, the model could never replicate the
complexity that exists in the real world. Thus, the model must necessarily simplify the
geologic framework, which is probably the largest source of error in groundwater models.
Second, the equations cannot perfectly simulate all types features in the aquifer.
Simplifying assumptions must be made in order for the groundwater-flow equations to be
solvable. These errors can become apparent near the edges of some analytic elements but
are generally not significant in affecting the regional pattern of groundwater flow. Third,
the actual amounts of groundwater flowing through the system can be difficult to
estimate, namely, how much water recharges the aquifer system each year? Recharge is
an episodic event that is difficult to measure at any one point on the landscape and is
extremely variable over an area. In fact, one of the best ways to obtain a spatially
averaged estimate of recharge is by calibrating a groundwater model to known baseflows
of creeks, such as was done in this study for Valley Creek. Measurement of stream
baseflow, even if errors approach 10-20 percent, is still one of the most accurate



measurements hydrologists can make that can help constrain groundwater models and
estimates of recharge.

LOCAL STREAM-GROUNDWATER INTERACTIONS

Springs and head readings in piezometers driven through the stream bed provided
evidence of local stream-groundwater interactions at Valley Creek (Figure 1).
Groundwater discharge was most evident in the headwaters of the perennial reach of
South Branch Valley Creek), where spring discharge was vigorous and emanated from
several fractures in the exposed bedrock, tentatively identified as Prairie du Chien
dolostone. A short (75 cm long) piezometer driven into a fracture had a positive head of
6.5 cm, giving a head gradient of +0.087 (6.5 cm divided by 75 cm). These springs were
immediately downstream from a 5-m tall concrete dam completed in 1956 by the
landowner to help protect the stream from siltation resulting from intermittent runoff in
the southernmost subbasin of Valley Creek. Head in the reservoir behind the dam was
approximately 3 m above the stream below the dam, and hence some of the spring
discharge below the dam could have been a consequence of this local head gradient.
However, the spring water was different in quality from the reservoir water: the spring
water had lower dissolved oxygen, higher specific conductance, and the same
temperature as ambient groundwater (about 9.5 to 10.5° C), suggesting a more regional
groundwater source than local percolation from the adjacent reservoir. Mats of oxidized
iron floc in the spring area attested to the reduced (low oxygen content) nature of the
emerging groundwater. Downstream from these springs were at least two small ponds,
both fed by springs, that discharged to the creek and further increased stream flow. A
low terrace between the creek and adjacent valley wall was occupied by wetland that
gave further evidence of groundwater discharge that fed stream baseflow. Most baseflow
in South Branch Valley Creek apparently originated from these springs and other
groundwater discharge along this reach. A baseflow measurement in late spring 1999
just upstream of the confluence with the West Branch was 0.23 cms (cubic meters per
second), which, if representative, indicated that this reach supplied about 85% of the
median flow measured for the entire South Branch at gauging station 1 (Table 1; Figure
1).

Other sources of groundwater discharge contributed to the remaining 15% of
baseflow in South Branch Valley Creek. A small seep in the channel at the headwaters of
West Branch Valley Creek contributed some flow, and the piezometer driven under this
seep (1.5 m long) had a positive head of 14 cm, giving an upward gradient of +0.093.
Further downstream, just above the confluence with South Branch, was a small boiling
spring. Unfortunately, baseflow in West Branch Valley Creek was too low to measure
with conventional methods, but may have been a significant part of the remaining 15% of
the baseflow of South Branch Valley Creek. Just downstream of the West Branch—South
Branch confluence was a spring-fed pond that also may have contributed significantly to
the baseflow of South Branch Valley Creek. Farther downstream were a few small
springs (marked by a single symbol on Figure 1) that also fed the South Branch, and the
piezometer at gauging station 1 had a slightly positive head (3 cm, giving a gradient of
+0.022). Just downstream from the gauging station was a another small boiling spring.
Nonetheless, while the lower reach of the South Branch received some groundwater from
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a few springs and other groundwater discharge, by far most of the groundwater that fed
this branch originated in the uppermost 0.75-km headwater reach. As discussed below,
this discharge apparently was proximally from the Prairie-du-Chien/Jordan aquifer
system.

Groundwater interactions with North Branch Valley Creek were less evident and
more spatially variable. The North Branch had a steady baseflow of about 0.22 cms at
gauging station 2 (Table 1; Figure 1) and must have received groundwater discharge at
some point upstream. Flow from the adjacent marsh (Metcalf Marsh) into Lake Edith
was perennial, as was the outlet of Lake Edith into the North Branch, and groundwater
discharge into these surface water bodies was the only reasonable source of this water.
However, the only piezometer reading from this area had a slightly negative head (a
centimeter or less), indicating outseepage of stream water. This piezometer was placed at
the outlet of the marsh, just above where the stream gradient steepens, and so a negative
head was not unexpected (see Figure 2¢) and was not likely representative of other
groundwater interactions around the marsh and lake margins. Access to the creek from
the outlet of Lake Edith downstream to station 2 was not allowed by landowners, and so
little is known of this reach. The topographic map indicated that a small tributary on the
west side of the North Branch was also be perennial and therefore likely contributed to
baseflow. However, this and other inputs to baseflow along this reach appeared to be
very small. The piezometer at station 2 was dry, meaning that the stream was perched at
that point and that the water table was at least 1.5 m below the stream bed. In the
summer of 1998, the flow at the outlet of Lake Edith was calculated with a culvert-flow
formula to be about 0.21 cms (John Hanson, Barr Engineering, Minneapolis, MN,
personal communication, 1998), within five percent of the typical baseflow at station 2
(Table 1). In short, baseflow in the North Branch upstream of station 2 was largely
derived from the outflow from Lake Edith. Downstream from station 2 and above the
confluence with the South Branch was a marshy area and breached beaver pond;
groundwater may have discharged there but the amount is unknown.

The main stem of Valley Creek at station 5 had a baseflow of about 0.55 cms in
1997-98, about 0.06 cms greater than the sum of the baseflows of the North and South
branches (Table 1; Figure 1). As noted, some of this flow originated from boiling springs
below station 1. However, wetlands upstream from station 5 indicated groundwater
discharge at the base of the valley wall and contributed several small rivulets to the creek,
which appeared to be the largest source that increased baseflow in the main stem below
the confluence. Iron staining along the stream banks adjacent to these wetlands was
further evidence of groundwater discharge along this reach. The piezometer at station 5
had a very slightly negative head reading (less than a centimeter), indicating loss of
stream water into the aquifer. This negative head might be explained because the
piezometer was placed at the head of a slight riffle, or because the St. Croix River was 5
m lower in head and only a kilometer away. More generally, it demonstrated minimal
stream-groundwater interaction at that point and was further evidence of the spatially
variable nature of stream-groundwater interaction.
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REGIONAL GROUNDWATER FLOW

Aquifer geology lays the framework for understanding groundwater flow within
and between aquifers. Potentiometric surfaces provide hydrologic evidence for the
regional extent and direction of that flow. In the section that follows, the geology of each
aquifer and its basal confining unit (if present) will be discussed first, followed by an
interpretation of the potentiometric surface for that aquifer, starting with the surficial
Quaternary aquifer and progressing downward. Drift-filled bedrock valleys are important
hydrogeologic features that will be discussed as part of the Quaternary aquifer. Several
of the vertically-adjacent bedrock aquifers in the region are commonly lumped by
hydrogeologists into single aquifer units, because the confining unit that separates the
aquifers may be absent in most areas or too discontinuous to significantly hinder flow
between aquifers. That is, commonly the Prairie du Chien and Jordan aquifers are
considered to operate as a single aquifer (abbreviated PdC/J here), and the Franconia and
Ironton-Galesville aquifers also seem to function as a single aquifer (abbreviated FIG
here), especially in the eastern part of the county. Nonetheless, in the interest of
completeness, the potentiometric surface for each separate aquifer was mapped
individually in this report.

Quaternary deposits of till or outwash form the surficial aquifer over most of the
watershed (Meyer and others, 1990). Most of these deposits are sand-plain outwash
deposits with high infiltration capacity and high permeability. Shallow tills tend to be
sandy, and therefore reasonably permeable. We assumed that interbedded till units
within the outwash do not permit significant vertical head gradients, at least at the
watershed scale, and that consequently these unconsolidated deposits function as a single
aquifer. While some lower till units can be quite dense and form a partially confining
unit at the base of the Quaternary deposits, the location and spatial extent of such low-
permeability till patches is not well known. Thus in general, where the Quaternary
aquifer directly overlies a bedrock aquifer, the hydraulic connection is considered to be
good with little impedance of vertical flow. In particular, Quaternary deposits overly
directly overlie the St. Peter and the PdC/J aquifers over much of Washington County,
especially just west and north of Valley Creek. In the south-central and western parts of
Washington County, the Platteville-Glenwood unit (Ordovician limestone and shale) does
form a significant aquitard at the base of the Quaternary deposits, but the extent of this
unit is limited.

Drift-filled bedrock valleys are important features in east-central Minnesota that
influence the hydrogeology of both surficial and bedrock aquifers. Pre-glacial rivers cut
deep channels in the bedrock, commonly down to the Jordan aquifer and sometimes as
deep as the FIG aquifer. These channels were subsequently filled with glacial drift,
which often is of high permeability with large capacity to transmit groundwater.
Moreover, the channels tend to lead directly to either the St. Croix or Mississippi rivers,
having been cut by former courses of these rivers or by smaller rivers tributary to them.
Consequently, when filled with high-permeability drift the channels are direct conduits of
groundwater to the major regional points of discharge, namely the St. Croix and
Mississippi rivers. The channels are “drains” of the groundwater system, lowering
potentiometric surfaces in the vicinity and conducting groundwater toward the rivers.
Sometimes these bedrock valley have no obvious surficial expression; one such valley
extends from Lake Elmo in central Washington County southward to the Mississippi
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River. More commonly, however, present watercourses or lake chains lie in these drift-
filled valleys. Both the north and south branches of Valley Creek lie in remnant bedrock
valleys cut to the depth of the FIG aquifer but now filled deeply with drift.

By definition, the surficial aquifer is that which comprises the water table, and for
most of Washington County, Quaternary deposits constitute the surficial aquifer.
However, near the St. Croix and Mississippi rivers and in the southeast part of the county
where Quaternary drift is thin or absent, the water table can be in the uppermost bedrock
aquifer, such as the Prairie du Chien aquifer near Valley Creek. In the surficial aquifer,
the flow direction toward Valley Creek is largely southeastward, starting just south of a
water-table high near White Bear Lake. (Figure 4). Flow directions appear to be
influenced by buried bedrock valleys, principally flow toward the Valley Creek area and
flow south along the axis of a buried valley toward the Mississippi River. The area
encompassed by the water-table divide for the surficial aquifer is referred to here as the
“Quaternary groundwatershed,” because Quaternary deposits dominate the surficial
aquifer. Its area is large, about 150 km” (about 58 mi®), and encompasses an area nearly
congruent with that of the Valley Branch Watershed District. This is because the
elevations of surface-water bodies correspond in a general way to the topography of the
landscape, and the watershed district boundary was based approximately on topographic
divides. Water infiltrating over this groundwatershed and recharging the surficial aquifer
has the potential to move to Valley Creek. However, it is important to note that water
leaking into deeper aquifers from within this area, especially near the boundary, may be
diverted to other points of discharge, namely, the St. Croix or Mississippi rivers.
Consequently, the actual contiguous area of surficial Quaternary aquifer that contributes
groundwater to Valley Creek is likely to be smaller than the groundwatershed as shown
in Figure 4. Because the perennial reaches of Valley Creek lie in a bedrock gorge below
the base of most of the Quaternary aquifer, this aquifer can deliver only a limited amount
of groundwater directly to the creek from a restricted area where sloping beds of drift
mantle the eroded edges of bedrock aquifer units. Most of the water that originates in the
surficial aquifer and eventually reaches the creek likely first passes through deeper
bedrock aquifers, which are hydraulically well-connected with the surficial aquifer, as
noted above.

The St. Peter aquifer (Ordovician sandstone) is the uppermost bedrock aquifer in
the county (Mossler and Bloomgren, 1990) (Figure 3). It is highly permeable and
confined at its top by the Platteville-Glenwood unit (where present) and at its base by a
layer of siltstones and shales that are considered part of the St. Peter unit. It exists in only
discontinuous patches, having been eroded away from most of the eastern half of the
county and where pre-glacial rivers eroded bedrock valleys. While several substantial
patches of the St. Peter do exist just north and west of Valley Creek, there are no well
water-level data for those patches and a potentiometric surface cannot be constructed for
those areas. Data do exist farther west in the county, and there the potentiometric map
for the St. Peter aquifer (Figure 5) indicates a generally south to southeastward flow. The
potential for downward leakage from the Quaternary aquifer is indicated by higher
hydraulic heads in the Quaternary relative to those in the St. Peter (compare Figures 4
and 5). Quaternary heads can be 100 ft above St. Peter heads where the top of the St.
Peter is confined by patches of the Platteville-Glenwood unit in the western part of the
county. Where the Platteville-Glenwood is absent, however, Quaternary heads are
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generally less than 25 ft higher than St. Peter heads, implying good hydraulic connection
and relatively unimpeded leakage of water downward from the Quaternary into the St.
Peter. Construction of a groundwater divide for the St. Peter aquifer was not feasible
because of the lack of data and discontinuous nature of the aquifer

The Prairie du Chien aquifer is composed of fractured dolostone and is confined
at its top by the denser base of the St. Peter (Mossler and Bloomgren, 1990) (Figure 3). It
is commonly considered to not be confined at its base and to function as a single aquifer
with the underlying Jordan unit. The Prairie du Chien is areally extensive in Washington
County, being absent only in the northwest part of the county and where pre-glacial
bedrock valleys were cut. The potentiometric surface (Figure 6) indicates a southward
sloping “ridge” of high heads along the central axis of the county; groundwater flows
both southward along this ridge and away from it toward the St. Croix and Mississippi
rivers. The Prairie du Chien is eroded away in the gorge of Valley Creek itself and data
are sparse in adjacent areas. Still, the 825-ft contour is concave towards the creek,
indicating flow towards, and discharging at, Valley Creek. Kanivetsky and Cleland
(1990) estimate that the eastward-dipping potentiometric surface drops below the top of
the Prairie du Chien about a mile or two west of the headwaters of the perennial reaches
of Valley Creek. In other words, the overlying aquifers (mostly the Quaternary but
possibly a small area of St. Peter as well) are dry, and the water table is in the Prairie du
Chien. To the northwest of Valley Creek, where highly permeable outwash directly
overlies the Prairie du Chien, the heads in the Quaternary aquifer are generally less than
25 ft above those in the Prairie du Chien, indicating excellent hydraulic connection and
leakage from the Quaternary aquifer into the Prairie du Chien. Where the Quaternary
aquifer overlies the St. Peter or Platteville-Glenwood, Quaternary heads can be 100 ft
higher than Prairie du Chien heads, but downward leakage is limited by intervening
confining units. The area enclosed by the groundwater divide, termed here the Prairie-
du-Chien groundwatershed for Valley Creek, covers about 60 km” (about 23 mi?). This
area is much smaller than that of the Quaternary groundwatershed and demonstrates the
strong influence of discharge to the St. Croix and Mississippi rivers on groundwater flow
in the bedrock aquifers. Thus, much of the water infiltrating within the upper part of the
Quaternary groundwatershed for Valley Creek may never reach the creek but instead
penetrates to the Prairie du Chien and deeper aquifers and is diverted toward either the St.
Croix or Mississippi rivers. Within the Prairie du Chien groundwatershed, flow toward
Valley Creek is largely from the northwest. However, some flow is from the southwest
and the groundwatershed there borders a depression in the potentiometric surface. The
cause of this depression is not clear; it may be caused by pumped wells, by leakage to
lower aquifers, by drainage toward the narrow drift-filled bedrock valley just a few
kilometers to the west, or some combination of these factors. Nonetheless, this
depression evidently captures a small portion of groundwater that may have otherwise
contributed to Valley Creek.

The Jordan aquifer is a highly permeable sandstone, generally not significantly
confined at its top by the overlying Prairie du Chien unit but well-confined at its base by
the dense St. Lawrence unit, composed of dolomitic shale and siltstone (Mossler and
Bloomgren, 1990) (Figure 3). As with the Prairie du Chien, the Jordan aquifer is
extensive across Washington County, absent only in the far northwest and where eroded
by deep bedrock valleys, principally along the St. Croix trench. Groundwater heads in
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the Jordan (Figure 7) are generally similar to those in the overlying Prairie du Chien, as
expected because of the excellent hydraulic connection between the two units and their
assumed functioning as a single aquifer unit. Consequently, regional groundwater flow
directions are similar, with flow southward along a southward-sloping core of higher
heads in the central part of the county, and flow away from this potentiometric ridge
eastward to the St. Croix River and southward and westward to the Mississippi. Data
points (wells) near Valley Creek give strong evidence of discharge to Valley Creek, as
the contour lines are concave toward the creek. Vertical head differences between the
Jordan and overlying Prairie du Chien are generally small. Close comparison of Figures
6 and 7 indicates some area where the heads of the Prairie du Chien are higher, and other
areas where heads are lower, than those in the Jordan. It seems likely that these
differences are due mostly to errors in the original data (variability or inaccuracy in
determining the static water levels of wells) and errors in interpretation (incorrectly
estimating contour lines in areas where few data points exist). The Jordan
groundwatershed for Valley Creek covers about 80 km” (about 30 mi®) and is of generally
similar shape to that in the overlying Prairie du Chien, but appears narrower and extends
farther to the north. Again we caution that the size and shape of such groundwatersheds
are only approximate, especially at their upgradient margins. In particular, much of the
area of this groundwatershed is within the northward-extending “tail”, which may be
considerably in error because of the few available data points. Because of the generally
good hydraulic connection between the Prairie du Chien and Jordan aquifers, their
groundwatersheds should be similar, and any large apparent difference between them
may be simply due to data and mapping errors as discussed above. As in the Prairie du
Chien, flow toward Valley Creek from within the Jordan groundwatershed is generally
from the northwest to the southeast. Also as in the Prairie du Chien, a depression in the
potentiometric surface adjacent to the southwest border of the groundwatershed evidently
captures some groundwater that otherwise might contribute to Valley Creek.

The Franconia aquifer is composed of fine-grained sandstone with evidently high
enough permeability to be extensively used for residential wells in the Valley Creek area
(Mossler and Bloomgren, 1990) (Figure 3). The aquifer is well-confined above by the St.
Lawrence, and partially confined below by thin shale beds in the lower parts of the
Franconia. Data are limited to wells serving communities along the St. Croix River, as
the Franconia commonly becomes the uppermost bedrock aquifer there, where the Prairie
du Chien and Jordan have been eroded away. Regional flow is presumably similar to that
in the overlying aquifers, namely, outward from the central axis of the county, south and
west toward the Mississippi and east to the St. Croix (Kanivetsky and Cleland, 1990).
However, the data available here are too sparse to construct a closed groundwatershed for
this aquifer for Valley Creek. The contour lines show a clear concavity around the
Valley Creek area, indicating that the aquifer may discharge there (Figure 8). The
closely-spaced contours indicates a rapid change in head over a small horizontal distance,
that is, a steep slope to the potentiometric surface. This steepness is probably caused by
discharge from the aquifer through a very narrow zone where the overlying confining
unit (the St. Lawrence) is absent and the aquifer subcrops along the St. Croix trench and
under Valley Creek, even though this zone is now filled deeply by unconsolidated
material. West of this discharge zone, heads in the Franconia appear to be higher than
those in the Jordan, but the St. Lawrence is too dense to permit significant upward flow.
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The Ironton-Galesville aquifer is composed of sandstone, generally not well-
confined at its top by the overlying Franconia but well-confined at its base by the thick
and dense siltstones and shales of the underlying Eau Claire formation (Mossler and
Bloomgren, 1990) (Figure 3). Regional flow is likely similar to that in the overlying
Franconia aquifer, but head data are too sparse in the Valley Creek area to define a
meaningful groundwatershed. The potentiometric surface as mapped (Figure 9) gives no
indication of groundwater discharge to Valley Creek and instead indicates discharge
simply to the St. Croix River. However, the data set may just be too sparse to show local
details at the scale of Valley Creek. Because of the generally good hydraulic connection
between the Ironton-Galesville and the overlying Franconia, and because the Ironton-
Galesville subcrops beneath Valley Creek, it is possible that discharge from the Ironton-
Galesville is influenced by Valley Creek.

The Mount Simon aquifer is a thick sandstone, well-confined at its top by the Eau
Claire unit and apparently well-confined at its base by older shales of the Solor Church
formation (Mossler and Bloomgren, 1990) (Figure 3). Only a very thin band of Mount
Simon subcrops under Valley Creek and the edge of the St. Croix trench. The available
data are too sparse to map potentiometric contours in the Valley Creek area (Figure 10).
Because of its depth, the limited area of subcrop, and the proximity of the St. Croix to
those subcrops, discharge from the Mount Simon probably has little influence on Valley
Creek and instead moves directly to the St. Croix River.

To summarize aquifer interactions with Valley Creek, little groundwater from the
surficial Quaternary groundwatershed reaches the creek directly. Instead, most percolates
to the underlying bedrock aquifers with little resistance, and from there moves to Valley
Creek. Most of the baseflow of Valley Creek appears to derive from the Prairie du Chien
and Jordan units, that is, the PdC/J aquifer. This aquifer outcrops and subcrops under the
headwaters of the South Branch of Valley Creek; flow in this uppermost reach less than a
kilometer downstream from these headwater springs can constitute about 85% of the
baseflow in the entire South Branch. The PdC/J aquifer borders Lake Edith and the
North Branch of Valley Creek and likely also discharges there, as indicated by the maps
of the potentiometric surfaces. Potentiometric surface maps also indicate that FIG
aquifer (Franconia and Ironton-Galesville units) may discharge to the middle or lower
reaches of Valley Creek. Nonetheless, for purposes of simplification, we discounted the
influence of the FIG aquifer in our modeling effort. We recognize that adding the FIG
aquifer in future, more detailed groundwater models might be useful. We further
assumed that the Mount Simon aquifer has a negligible influence on Valley Creek and
consequently was also not included in the groundwater model.

ANALYTIC ELEMENT GROUNDWATER MODEL

Modeling groundwater flow for the Valley Creek area consisted of three steps:
model construction, model calibration, and model application. The model was based
upon known geologic and hydrologic data for the area. The geologic data were used to
construct the basic model geometry of stacked aquifers and confining beds. The
hydrologic data were used for calibration of the model. That is, the known
potentiometric surfaces and baseflows of creeks in the vicinity of Valley Creek were the
“targets” that the model tried to simulate. The hydraulic properties of these geologic units
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were then adjusted to obtain a good fit to the hydrologic calibration data. Once the model
was calibrated to these data, the model was applied to simulate the recharge area
(groundwatershed) contributing to Valley Creek and the groundwater travel times from
selected points in the aquifer system to the creek.

Model Construction

General

The Minnesota Pollution Control Agency (MPCA) has constructed a regional
groundwater flow model for the Twin Cities Metropolitan Area (the “Metro Model”;
MPCA, 1997), including the Valley Creek watershed. Their model uses coarse analytic
elements to simulate regional groundwater flow patterns. The Valley Creek Groundwater
Model used the Metro Model as a template. Additional analytic elements were added to
the template to refine the model to fit local hydrogeologic features and observed data.
The computer code used for the Metro Model and the Valley Creek Groundwater Model
was MLAEM v.5.02 (Strack Consulting, 1997).

Domain

The MLAEM model has an infinite areal domain. That is, boundary conditions
do not need to be imposed at the edges of the model. For practical purposes, inputs to the
model have been limited to a domain bounded by the Phalen Channel and Mississippi
River to the west, the Mississippi River to the south, the St. Croix River to the east, and
the approximate extent of the St. Peter Sandstone to the north. The boundaries are
shown, along with the bedrock geology, on Figure 11. The Mississippi and St. Croix
Rivers represent no-flow boundaries, but the other boundaries are more arbitrary.

Layers

The Metro Model consists of five horizontal layers representing major aquifers in
the area. The layers are numbered 1 to 5 from the top down. The layers are separated by
four “leaky layers” that represent confining layers or leaky confining layers between the
aquifers. The Metro Model is more completely described in the Metro Model Interim
Progress Report (MPCA, 1997).

The Valley Creek Groundwater Model uses only layers 1, 2, and 3 of the Metro
Model. The layers and leaky layers are as follows (descriptions include excerpts from
MPCA, 1997):

e Layer 1 represents an aquifer of unconsolidated glacial materials throughout the
model domain. Groundwater recharge occurs at the top of this layer through
infiltration. Water losses from this aquifer are primarily to surface-water streams and
to the underlying aquifer via leakage.

e Leaky Layer 1 represents the basal unit(s) with vertical hydraulic resistance
underlying the lower-most glacial drift aquifer. This leaky layer represents the effects
of one or more of the following: glacial till, Decorah Shale, Platteville Limestone,
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and the Glenwood Shale. Therefore, its properties are dependent on the areal
distribution of these units.

e Layer 2 represents groundwater flow through the St. Peter Sandstone. Most recharge
to the St. Peter Sandstone aquifer is expected to come from overlying drift materials
in areas where intervening bedrock layers are absent. Discharge of groundwater from
this layer occurs through leakage to underlying units and discharge to surface waters.
Where the land-surface elevation drops near the rivers and the St. Peter Sandstone is
not present, Layer 2 represents the unconsolidated glacial materials at the surface.

e Leaky Layer 2 represents the base of the St. Peter Sandstone, which provides
significant vertical hydraulic resistance. Where the St. Peter Sandstone is not present,
Leaky Layer 2 represents the basal drift unit(s) with vertical hydraulic resistance
underlying the lower-most glacial drift aquifer.

e Layer 3 represents groundwater flow in the Prairie du Chien-Jordan Aquifer, and
includes both formations as one hydrostratigraphic unit. Recharge to this aquifer
occurs as leakage from overlying bedrock units and also from the glacial drift where
the formation subcrops beneath it. The Mississippi and St. Croix rivers serve as
major discharge zones for this aquifer.

e Leaky Layer 3 represents the St. Lawrence Formation. This formation serves as an
impermeable aquiclude everywhere in the Valley Creek Groundwater Model domain,
except in the area of the St. Croix anticline described below.

The glacial and bedrock units are represented by simplified polygons in the model,
especially where the units are not present everywhere in the model domain. Figure 12
shows the polygons that represent the bedrock units. Figure 12 can be compared to
Figure 11 to see the relationship between the model elements and the mapped bedrock
units. Figure 13 shows an idealized cross section through the southern part of
Washington County. Figure 13 illustrates the relationship of the model layers to the
topography and the bedrock valley (discussed below).

Aquifer Properties

The aquifer properties that can be varied throughout the model domain are the
permeability (or hydraulic conductivity), thickness, base elevation, porosity, and vertical
leakage. Figure 13 shows some of the values that were used and how they relate to the
model elements. The permeability values were taken from the Washington County
Geologic Atlas and the Metro Model. Values did not vary significantly within individual
formations except in a few areas where data such as well discharges or stream baseflow
were known. The thickness and base elevation of each geologic formation (and model
layer) were taken from the Washington County Geologic Atlas. Adjustments were made
in key areas near the South Washington Bedrock Valley (discussed below) where recent
drilling had provided new data on the elevation of the Prairie du Chien bedrock. Very
little data regarding the porosity of aquifer materials is available. A default value of 0.3
was used everywhere. The model simulated vertical leakage into and out of each layer by
assigning resistance values to the bordering leaky layers. Polygons were created to
represent different geologic formations within the leaky layers, as shown on Figure 12.
“Resistance varels” were assigned to each polygon. The amount of water moving into or
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out of the model is dependent on the resistance value and the difference in head between
the layers. Very little data are available on resistance values because they are virtually
unmeasurable in the field. A broad range of values has been compiled as a result of
developing the Metro Model. Consequently, the resistance values vary significantly in
different parts of the model.

Inhomogeneities

Inhomogeneities (also called heterogeneities) are areas within a model layer
where the permeability, base elevation, thickness, and/or porosity differs from the rest of
the layer. Four inhomogeneities have been added to the model:

e The Phalen Channel is a bedrock valley filled with relatively high-permeability
glacial deposits. It trends north-south through St. Paul on the west edge of the model
domain.

e The South Washington Bedrock Valley is another bedrock valley filled with
relatively high-permeability glacial deposits. It trends north-south through Woodbury
and Cottage Grove.

e The St. Croix Anticline (sometimes called the Hudson-Afton Anticline) is a structural
feature that underlies Valley Creek on the east edge of the model domain. In this area
the older sedimentary formations are at a relatively high elevation and subcrop below
the glacial deposits. Figures 14, 15a, and 15b show cross sections through the Valley
Creek areas. Two inhomogeneities have been defined:

e The “Franconia” inhomogeneity extends from the edge of the Jordan Sandstone to
the edge of the Franconia formation. This area is characterized by groundwater
flow through the Franconia formation and the relatively thick overlying glacial
deposits.

e The “Mt. Simon” inhomogeneity extends from the edge of the Franconia
formation to the St. Croix River. This area is characterized by groundwater flow
through very thick glacial deposits. Several bedrock units including the Mt.
Simon Sandstone subcrop below these glacial deposits and are locally important
sources of groundwater. The bedrock units lie mostly below the bottom elevation
of Model Layer 3. Because the model in this area is primarily concerned with
shallow groundwater flow to Valley Creek, the deeper bedrock units were not
incorporated into the model.

Reference Elevation

The reference elevation is necessary to complete the mathematical equations in
the Analytic Element Model. The Valley Creek model uses the reference elevation
established for the MPCA Metro Model. The reference point is located in lowa, far away
from other elements in the model, and has negligible influence on the model solutions.
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Rainfall Infiltration and “Superblocks”

Rainfall infiltration is the precipitation that eventually reaches the saturated
aquifers. A rainfall infiltration value of 6 in/yr (0.00042 m/d) was used throughout the
model area.

The model layers are at the same elevation throughout the model domain except
in the South Washington Bedrock Valley inhomogeneity. Changes in surface elevation
result in areas where one or more of the upper model layers is above the ground surface.
Figure 16 shows where the top and bottom of the model layers intersects the ground
surface. Rainfall infiltration was input into the model via polygons and constant strength
elements at the top of the model layer that contained the ground surface. Figure 17
shows the location of these rainfall polygons.

For purposes of calibration, it is useful to have the model simulate groundwater
flowing to the St. Croix and Mississippi Rivers from all directions. Similarly, the model
should simulate regional groundwater flow beyond the model domain to the north and
northwest. To accomplish this, infiltration was added to model layers 2 and 3 via large
scale “superblocks” shown on Figure 16. The superblocks very crudely simulate
precipitation and groundwater flow in these outer regions, and they help to create an
accurate simulation of conditions near the domain boundaries.

Lakes, Ponds, and Wetlands

The need for computational efficiency dictates that only the largest lakes, ponds,
and wetlands are added to the model. These surface water bodies were added as
polygons to the top of the appropriate model layer, depending on their elevations. The
polygons are shown on Figure 18. “Resistance varels” were added to the surface water
polygons. The varels specified a head and bed resistance within each polygon. A
relatively low resistance of 5000 days was used as the default value. Elevation data were
obtained from USGS topographic maps or more recent measurements by the Minnesota
DNR and others, if available. The effect of the varels is to allow water in the model to
flow freely into or out of the polygons depending on the head in the underlying aquifer,
similar to a “fixed head” model element. Perched conditions could be created in the
surface water bodies by increasing the resistance value.

Rivers and Streams

Rivers and streams in the model, including Valley Creek and the Mississippi and St.
Croix rivers, were simulated using curvilinear elements. The elements were assigned
head values at known locations. Locations of the curvilinear elements are shown on
Figure 18.

Model Calibration

The groundwater model represents a complex water balance based on many input
parameters including infiltration rates, elevations of discharge points, well pumping rates,
aquifer hydraulic conductivity, and resistance to flow between aquifer layers. Model
calibration is the process by which these input parameters are systematically adjusted so
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that modeled groundwater discharges and heads (elevations) reproduce measured
discharges and heads as closely as possible. The calibration process is not an exact
science and is never entirely complete, because the model will never perfectly reproduce
all of the geologic and hydrologic complexities of a watershed. The goal is to produce a
model that captures the essential functioning of the regional groundwater flow system,
while minimizing errors in the local flow systems. Oftentimes, parameters are adjusted
so that errors in local flow systems are compensating. That is, in a selected locality some
heads and discharges may be overestimated, and other underestimated, but the averages
over a larger region will be similar to measured values.

Calibration of the Valley Creek groundwater model was conducted in two ways:
by comparing modeled groundwater discharges to streams with measured baseflows, and
by comparing modeled hydraulic heads with measured heads as mapped in Figures 4-9.

Baseflow Calibration

Baseflows were estimated from selected segments of Valley Creek as well as
from selected tributary streams along the St. Croix River (Table 1). Because Valley
Creek is usually at baseflow, most flow measurements were taken under baseflow
conditions. Consequently, for most reaches of Valley Creek, median values of flow
measurements taken during 1997-98 were used as estimates of baseflow; use of another
measure, such as the 25th percentile of flow measurements, would not give appreciably
different results. For Browns Creek, a representative baseflow was estimated from 1997-
98 flow data. For the outlet from Little Carnelian Lake, manual hydrograph separation
was used to estimate baseflow from 1998 flow data (see Table 1 for credits to data
sources). For the other streams, winter flow measurements taken on 25 February 1999
were assumed representative of baseflow. Not all of these baseflows were used in
calibrating the Valley Creek groundwater model, but they are included here to benefit
continued modeling efforts in Washington County.

Valley Creek is represented by curvilinear elements in the model. The model
calculates the amount of groundwater discharged to each segment of these elements. The
sum of discharge for a selected number of these segments is the modeled discharge for
the stream reach represented by these segments. Lake Edith was represented as a given-
head areal element (varel) in the model. The calculated discharge from this varel
represents the calculated discharge through the outlet of Lake Edith to the north branch of
Valley Creek.

Model calibration focused on selected stream reaches of Valley Creek. Table 2
compares measured baseflows and modeled groundwater discharges for these specific
stream reaches. In the South Branch Valley Creek, the model underestimated the amount
of discharge in the headwaters area by about 39%. One hypothesis to explain this error is
that perhaps the Prairie du Chien aquifer is highly fractured in this area and has a much
higher hydraulic conductivity than expected. In contrast, the model overestimated
discharge to the remaining part of the South Branch by nearly 250%. The high
percentage error is caused by the measured baseflow being rather low, so that even a
small absolute errors are magnified to large percentage errors. However, these errors
counterbalance each other, so that the error for the entire South Branch is only 3%.
Likewise, the model underestimated discharge out of Lake Edith by 17%, and
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overestimated the discharge to the rest of the North Branch by about 16%, with the result
that the baseflow for the entire North Branch was underestimated by 15%. The model
overestimated discharge to the main stem of the creek by 143%. For the creek as a
whole, however, the total error was only 11%. These errors demonstrate the difficulty of
calibrating a regional model to local conditions along specific reaches of the creek, and
that local errors can counterbalance each other so that the creek as a whole, and its effect
on regional flow in the contributing aquifers, can be modeled with reasonable accuracy.

Head Calibration

Modeled groundwater heads (elevations) can be plotted and contoured for each
model layer, and compared to the previously described potentiometric surfaces
determined for each aquifer. Unfortunately, because of topography, sloping bedrock
units, and erosional loss of parts of some bedrock units, there is not an exact one-to-one
correspondence between model layers and aquifers, especially near the edge of the
aquifers along the St. Croix River and Valley Creek. Consequently, different areas of
each model layer must be interpreted according to the relevant aquifer.

Model layer 1 represented the Quaternary aquifer above an elevation of about 900
ft, which was the base elevation of this layer over most of the model domain. The
exception occurs in a narrow inhomogeneity representing a north-south trending bedrock
valley in the western part of the figure, where the aquifer base was lowered to an
elevation of about 850 ft, and modeled heads can drop below 900 ft in that area.
Modeled heads (Figure 19) show contours similar to the plotted water table (Figure 4;
compare contours above 900 ft) at these elevations. Because the land-surface elevation
drops below 900 feet near Valley Creek and the St. Croix River, there is no physical
aquifer corresponding to model layer 1 in these areas. The model correctly predicted that
layer 1 was “dry” in these areas, and that the water table was in one of the underlying
layers.

Model layer 2 represented the St. Peter aquifer in the west (where this aquifer
exists), and otherwise to the east represented the Quaternary aquifer below 900 ft
elevation and where the St. Peter is absent. The base of most of model layer 2 was at an
elevation of about 790 ft, and heads generally were not modeled below this elevation in
layer 2. Again, the exception is the north-south trending inhomogeneity in the western
part of the figure, where the aquifer base was dropped to an elevation of about 720 ft.
Modeled heads (Figure 20) show a similar northwest-to-southeast flow direction (that is,
flow from higher head contours to lower head contours) as indicated by the
potentiometric surfaces for the St. Peter aquifer (Figure 5) and the Quaternary aquifer
(Figure 4; compare contours below 900 ft).

Model layer 3 represented the combined Prairie-du-Chien/Jordan (PdC/J) aquifer
over most of model domain, except where these bedrock units were eroded away in the
deep bedrock valleys of Valley Creek and the St. Croix River. Modeled contours (Figure
21) reproduce the major features of the potentiometric surfaces for the Prairie du Chien
and Jordan aquifers (Figures 6 and 7). This model layer was considered to be most
critical for Valley Creek because the PdC/J aquifer is the likely source of most of the
groundwater discharging to the creek.
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Model Application

The calibrated model was applied to simulate the groundwatershed that
contributes discharge to Valley Creek, and to calculate travel times of groundwater flow
from the recharge area to the creek. To accomplish these tasks, the model was used to
trace flow lines backwards (upgradient) from the base of layer 3 under Valley Creek to
their points of origin. These are the deepest flow lines in layer 3 that discharge into
Valley Creek, and they consequently originate farthest away and have the longest travel
times.

Groundwatershed

Because the elevation of Valley Creek is primarily within model layer 3,
primarily representing the joint PdC/J aquifer, only the groundwatershed for that layer
was modeled. The estimated groundwatershed for model layer 3 (Figure 22)
corresponded closely to the mapped groundwatershed for the Prairie du Chien aquifer
(Figure 6). The size (about 60 km?), shape, and location of the two groundwatersheds
were very similar, indicating that the model simulated the main properties of the regional
groundwater flow. Even though the same data set was used to create the mapped
groundwatershed (Figure 6) and to constrain the model (Figure 22), there was no
guarantee that the model results would match the data so well, at least for this layer.
Because the Prairie du Chien and Jordan units tend to function as a single aquifer (the
PdC/J), they should have similar groundwatersheds. However, the mapped
groundwatershed for the Jordan aquifer (Figure 7) had a larger area (about 80 km?) than
that of the Prairie du Chien because of a longer, wider “tail” extending far to the north.
In fact, Figure 7 shows that this tail was poorly constrained by just a few data points and
consequently could be significantly in error. The close correspondence between the
modeled layer 3 and mapped Prairie du Chien groundwatersheds implied that these were
better representations of the actual groundwatershed for the PdC/J aquifer contributing to
Valley Creek. Groundwatersheds were not modeled explicitly for the overlying layers 1
and 2. Because of horizontal flow within each layer, the groundwatersheds for these
layers could be assumed to be similar in shape, but elongated in the upgradient direction.

Travel Times

The model simulated groundwater travel times in layer 3 by tracing flow lines
upgradient from the creek, placing tic marks for every 10 years passage (Figure 22). The
results indicated that groundwater in layer 3 within about 2—6 km (about 1.5-3.5 mi) of
the creek reached the creek within 10 years. Most of the groundwatershed comprised
groundwater travel times of less than about 30—40 years, and only the farthest “tips” of
the groundwatershed had travel times approaching 60—70 years. As these flow lines were
traced along the bottom of the aquifer, they represented the deepest flow paths and
originated at the farthest edges of the groundwatershed. Traces of shallower flow paths
that originated (that is, infiltrated) closer to the creek generally had shorter flow paths and
travel times. Although more work could be done to characterize infiltration and flow in
shallower layers, these results implied that much of the groundwater reaching Valley
Creek is less than about 30—40 years old, and consequently could contain anthropogenic
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tracers, such as nitrate and tritium. This conclusion was corroborated by findings that the
creek receives nitrate-contaminated groundwater, especially in the South Branch
(Almendinger and others, 1999), and by regional data bases that show nitrate in
groundwater in the Valley Creek area (Washington County and Minnesota Dept. of
Health, electronic communications, 1999). Samples of groundwater and stream water
were collected in autumn 1999 for tritium analysis, and results will be discussed in a
future report.

SUMMARY AND CONCLUSIONS

Valley Creek in southeastern Washington County, Minnesota, is one of the finest
trout streams remaining in the Minneapolis-St. Paul metropolitan area. The watershed is
presently mostly rural but faces potential urbanization in the coming decades. Trout
streams are sensitive to land-use practices such as urbanization and agriculture that can
degrade water quality. Urbanization can increase runoff from impervious surfaces and
reduce groundwater discharge, thereby altering the temperature regime of streams. In
particular, midwestern trout streams depend on strong groundwater discharge to provide
relatively clean water that remains cool enough in summer to support trout. The purpose
of this study was to describe the groundwater hydrology and to model the regional
groundwater-flow system that delivers water to the creek.

The groundwater hydrology of Valley Creek comprised local stream-groundwater
interactions and regional groundwater flow. Local investigations indicated that
approximately 85% of the baseflow of South Branch Valley Creek was fed by springs
and seeps in the upper 0.75-km headwaters reach. All piezometers in this area had
positive (upward) head gradients, indicating groundwater discharge into the stream
channel. Nearly all the baseflow of North Branch Valley Creek appeared to derive from
the outflow from Lake Edith, which was itself presumably fed by groundwater discharge.
Piezometers along this branch had negative (downward) head gradients, indicating
seepage of stream water out of the channel. Apparently, little groundwater discharge
occurred in the North Branch below the lake outlet. In the main stem of Valley Creek,
below the confluence of the North and South branches, a few springs and wetland seeps
contributed groundwater, constituting about 11% of the baseflow at the mouth.

Regional groundwater flow was inferred from contour maps of potentiometric
surfaces (well-water levels) for the major aquifers in Washington County. The aquifers
that may influence groundwater discharge to Valley Creek are the Quaternary (glacial
drift) aquifer, the St. Peter aquifer, the Prairie-du-Chien/Jordan (PdC/J) aquifer, and the
Franconia-Ironton-Galesville (FIG) aquifer. The mapped Quaternary groundwatershed
was large, with an area of about 150 km”* (58 mi®) and nearly congruent with the
boundary of the Valley Branch Watershed District, which extends to the north and west
of Valley Creek. However, not all the water infiltrating within this area reaches the
creek. Most apparently percolates into deeper bedrock aquifers, principally the PdC/J
aquifer which directly underlies large portions of permeable glacial drift. Once in the
PdC/J, some of this groundwater moves directly to either the St. Croix or Mississippi
rivers, thereby circumventing Valley Creek. As the channel of Valley Creek lies mostly
within the elevation of the PdC/J aquifer, the groundwatershed for this aquifer was
considered the most important contributor of groundwater to the creek and occupied an
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area of about 60—80 km” (23—30 mi®). This area was significantly larger than the surficial
watershed (about 44 km?, or 17 mi®), which could help account for the abundant baseflow
of Valley Creek. In addition, the FIG aquifer may also be an important source of
groundwater to the creek, although data were too sparse to construct a groundwatershed
for that aquifer.

A regional analytic-element groundwater-flow model was constructed for the
Valley Creek area with the MLAEM modeling program, based on regional template
models developed by the Minnesota Pollution Control Agency and the South Washington
Watershed District. The model had three layers, approximately representing the
Quaternary (layer 1), the St. Peter (layer 2), and the PAC/J (layer 3) aquifers. The model
was calibrated to measured baseflows in selected reaches of Valley Creek and to
measured groundwater levels as generalized by the maps of potentiometric surfaces
discussed above. Model results indicated that the layer 3 groundwatershed covered about
60 km® and corresponded closely in size, shape, and position to that mapped for the
Prairie du Chien aquifer. Groundwater travel times (the time it takes groundwater to
reach the creek) over most of the groundwatershed were about 30—40 years, but ranged
from about 10 years within 2—6 km of the creek to about 60—70 years at the farthest
boundaries of the groundwatershed.

Because the groundwater reaching Valley Creek is apparently relatively young,
perhaps only 30—40 years old since the time of infiltration, it may contain anthropogenic
tracers and pollutants, such as nitrates. Indeed, other work has confirmed the discharge
of nitrate-contaminated groundwater into Valley Creek, particularly the South Branch
(Almendinger and others, 1999). While these nitrates may not apparently directly harm
trout, they do increase nutrient loading to the St. Croix River, a designated National
Scenic Riverway. In addition, because the creek is already well-fertilized with nitrates,
any addition of other nutrients, particularly phosphorus, could spur detrimental growth of
algae and other aquatic vegetation. Phosphorus is commonly adsorbed to fine particles
which can be eroded from the landscape and carried to the creek by overland runoft.
Subsequent sedimentation (siltation) of these particles can furthermore physically
degrade spawning habitat for trout and reduce their macroinvertebrate food source. For
these reasons, erosion should be minimized to the extent possible.

Valley Creek has remained a fine trout stream probably because of its large
baseflow component, which is derived over a relatively large groundwatershed. A large
baseflow seems critical in giving the creek resilience to short-term disturbances. Extreme
floods or siltation events can degrade habitat and reduce trout populations (Elwood and
Waters, 1969). However, a strong baseflow can promote recovery of the stream to pre-
disturbance conditions by helping to wash away the dissolved and particulate inputs from
such disturbances. Urbanization has been documented to reduce baseflows (Simmons
and Reynolds, 1982). Because the groundwatershed of Valley Creek extends to the north
and west beyond the City of Afton into rapidly urbanizing areas, care should be taken to
minimize practices that reduce infiltration in these areas. In short, maintaining the
quantity of groundwater discharge to Valley Creek will be a key factor in keeping it a
healthy trout stream and allowing it to recover from potential impacts, should they occur.
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TABLES

Table 1 Baseflow estimates for selected reaches of Valley Creek and other small
streams tributary to the west side of the lower St. Croix River, 1997-98

Table 2 Measured baseflow and calculated groundwater discharges in selected
stream reaches along Valley Creek
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Table 1. Baseflow estimates for selected reaches of Valley Creek and other small
streams tributary to the west side of the lower St. Croix River, 1997-98

Stream® Location Year  Flow Method
(m* s™)
Little Carnelian Lake  outlet 1998 0.121 hydrograph separation
outlet’
Silver Creek outlet 1999 0.024 single measurement,
February 1999
Browns Creek® outlet 1998 0.28 judgment based on
measurements at site
Second St. Park, near mouth 1999 0.057 single measurement,
Stillwater February 1999
Headwaters, North outlet from Lake 1998 0.21 single culvert-flow
Branch Valley Creek® Edith calculation, Oct. 1998
North Branch Valley  above confluence 1997-  0.22 median (n = 22)
Creek with South Branch 98
Headwaters, South above confluence 1999 0.23 single measurement,
Branch Valley Creek  with West Branch June 1999
South Branch Valley  above confluence 1997-  0.27 median (n = 24)
Creek with North Branch 98
Valley Creek main near mouth 1997-  0.55 median (n = 23)
stem 98
Creek in Kells near mouth 1999 about visual estimate,
Coulier, Afton 0.02 February 1999
Trout Brook mouth 1999 0.059 single measurement,
February 1999
Notes:

Streams arranged approximately from north to south. All measurements by St. Croix Watershed
Research Station, except as noted below.
"Data from Metropolitan Council and Carnelian-Marine Watershed District (Dan Fabian, TKDA
Associates, personal communication).
“Estimate from Metropolitan Council and Browns Creek Watershed District (Mark Doneux, Washington
County Soil and Water Conservation District, personal communication).
ICulvert-flow estimate from Valley Branch Watershed District (John Hansen, Barr Engineering, personal

communication).
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Table 2. Measured baseflow and calculated groundwater discharges in selected stream
reaches along Valley Creek

Stream Reach Measured Measured Modeled Percent
(length) Baseflow Baseflow Groundwater Error
(cms) (cmd) Discharge
(cmd)
SOUTH BRANCH VALLEY CREEK
Headwaters 0.23 19,872 12,024 -39%
(first 0.75 km)
Headwaters to 0.04 3,456 11,972 +246%
confluence
(next 2.4 km)
Total (3.15 km) 0.27 23,328 23,996 +3%
NORTH BRANCH VALLEY CREEK
Headwaters Approx. 0.21 18,144 15,127 -17%
(Lake Edith outlet)
Headwaters to Approx. 0.01 864 1,001 +16%
confluence
(next 2.22 km)
Total (2.22 km) Approx. 0.22 19,008 16,128 -15%
MAIN STEM VALLEY CREEK
Confluence to 0.06 5,184 12,609 +143%
mouth (2.45 km)
VALLEY CREEK (ENTIRE)

Headwaters to 0.55 47,520 52,733 +11%

mouth (7.82 km)

Notes: Lengths are approximate valley lengths, measured along axis of valley and not along stream
channel. See Table 1 for data sources of measured baseflows. Positive errors mean that the model
overestimated baseflow, and negative errors mean that the model underestimated baseflow. Because errors
are calculated as a percentage of measured baseflow, small measured baseflows magnify percentage errors.
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Figure 5. Observed groundwater elevations:
St. Peter aquifer
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Figure 11. Bedrock geology and model domain
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Figure 12. Bedrock and inhomogeneity polygons
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Figure 16. Intersection of model layers 0 1 2 Miles
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Figure 19. Model groundwater elevations, Layer 1
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Figure 20 . Model groundwater elevations, Layer 2
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Figure 21 . Model groundwater elevations, Layer 3
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Figure 22 . Modeled groundwater flow paths,
travel times, and groundwatershed, Layer 3



