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INTRODUCTION AND PURPOSE

The objectives of first generation hydrogeologic exploration studies
commonly focus on defining the occurrence, movement, and quality of
water in geologic materials that are more permeable (aquifers). In
addition, hydraulic properties of these aquifers are measured and
evaluated. The above objectives, to a great extent, were achieved by the
county ground-water studies program conducted in North Dakota from
1955 to 1985.

Some of the most productive aquifers delineated in the county
ground-water studies were buried-valley type aquifers of glaciofluvial
origin. Since the mid-1970s, ground-water irrigation development in
these aquifers has increased significantly (Paulson, 1983). Buried-valley
aquifers are becoming an important source of ground water for large-
scale industrial applications (Pusc, 1986).

Buried-valley aquifers consist mainly of sand and gravel deposits
overlain by glacial drift comprised predominantly of till. Till thickness
ranges from about 3 m (10 ft.) to about 122 m (400 ft.). Fluvial sand and
gravel deposits and lacustrine sand, silt, and clay deposits are scattered
throughout the till. In the eastern part of North Dakota, Cretaceous
shales commonly underlie buried-valley aquifers. Cretaceous sandstones
and siltstones underlie these aquifers in the central part of the state, and
Tertiary mudstones, siltstones, and sandstones underlie these aquifers in
the western part of the state.

The ground-water transmitting capacity of buried-valley aquifers is
much greater than the transmitting capacity associated with the

overlying till and underlying bedrock formations. As a result, the till and



bedrock formations are classified as aquitards. These aquitards control
recharge, discharge, response to pumping, water chemistry, and rates of
contaminant movement to buried-valley aquifers (Keller, and others
1989).

In many hydrogeological settings, the volume of ground-water
storage in the overlying till aquitard is large in relation to the volume of
ground-water storage in the underlying buried-valley aquifer. For
example, the Spiritwood aquifer in LaMoure and Dickey Counties,
between Grand Rapids and Oakes occupies an area of about 259 km2
(100 mi2). Assuming an average till thickness of 46 m (150 ft.) overlying
the aquifer and a porosity of 0.30, there is 3.6 x 102 ha-m (2.9 x 106 ac-
ft.) of ground water stored in the till. Based on an average aquifer
thickness of 10 m (33 ft.) (Shaver, 1984) and an effective porosity of 0.25,
there is about 6.5 x 104 ha-m (5.3 x 105 ac-ft.) of water in storage in the
Spiritwood aquifer in this area. Thus, aquitard storage represents a
potentially large source of water available to the aquifer through leakage.

The volume of water derived from storage in the aquitard over a
given time period depends to a large extent on the hydraulic conductivity
(K) and specific storage (Sg) of the aquitard. Currently data describing
aquitard hydraulic properties in North Dakota are very limited. Efforts
have been made by some investigators to measure till hydraulic
conductivity using data derived from single-well response (slug) tests.
(Sloan, 1972; Groenwald and others, 1979; Beal, 1986; Patch and Knell,
1988; and Murphy, 1992). Investigations in North Dakota that
determined specific storage of till do not exist.

Based on the above, future investigations of buried-valley aquifers

must include more detailed aquitard analysis. Till commonly is fractured



(Grisak and others, 1976) and, therefore, represents a dual
porosity/permeability media. Efforts must be made to evaluate, at
greater depths, the effects of fractures on bulk till hydraulic properties.
In addition, test drilling indicates the ocurrence of numerous fluvial and
lacustrine silt, sand, and gravel deposits scattered through the till.
These deposits may act as rapid transmission conduits for recharge to
underlying buried-valley aquifers. Therefore, the spatial distribution and
interconnectedness of these deposits are important hydraulic
considerations.

The purpose of this paper is to develop a conceptual model of a
buried-valley aquifer/aquitard system based on conclusions drawn from
previous investigations described in the literature and investigations
conducted by the State Water Commission in southeastern North
Dakota. Based on the evaluation of previous work, recommendations are
made describing an approach to investigate till hydrogeology as related to

buried-valley aquifer management in North Dakota.

LOCATION-NUMBERING SYSTEM

The location-numbering system used in this report is based on the
public land classification system used by the U.S. Bureau of Land
Management. The system is illustrated in figure 1. The first number
denotes the township north of a base line, the second number denotes
the range west of the fifth principal meridian, and the third number
denotes the section in which the well or test hole is located. The letters
A, B, C, and D designate, respectively, the northeast, northwest,
southwest, and southeast quarter section, quarter-quarter section, and

quarter-quarter-quarter section (10-acre tract). For example, well



131-059-05BAA

Figure 1. --Location-numbering system
4



131-059-05BAA is located in the NE1/4 NE1/4 NW1/4 Section 5,
Township 131 North, Range 59 West. Consecutive terminal numerals
are added if more than one well or test hole is located within a 10-acre
tract.

HYDROGEOLOGY OF TILL

Geology of Till
Till can be defined as a compact, unstratified, poorly sorted,

mineralogically heterogenious sediment of glacial origin (Dreimanis,
1976). Bluemle (1979) provides the following description of till found at
or near the surface in Dickey and LaMoure County, southeastern North

Dakota.

"Till is most commonly a mixture of varying
proportions of sand, silt, clay, pebbles, cobbles,
and boulder-sized particles. The matrix,
composed mostly of silt and clay-sized particles, is
usually yellowish-brown to brownish-gray in
oxidized exposures and light-olive gray where it is
unoxidized. The coarser-grained materials are
generally angular to subrounded and consist of
carbonate, igneous, metamorphic, and shale rock
fragments with small amounts of lignite. The till
is mostly poorly indurated and it may be weakly
jointed, but it has no other structure, such as
bedding or sorting."

Based on 30 till samples in LaMoure County, Bluemle (1979) reports a
mean sand, silt, and clay ratio of 35:36:29. Based on 27 surface and
near surface till samples in Sargent County, Bluemle (1979) reports a
mean sand, silt, and clay ratio of 32:40:28. These characteristics
probably are typical for much of the till throughout North Dakota. Bulk

textural and mineralogical characteristics of tills do not differ greatly
from North Dakota to southern Alberta (Grisak and others, 1976).



Fractures

Fractures have been observed in till at numerous locations across

the Interior Plains Region of North Dakota (Grisak and others, 1976).

From 1963 to 1964, 158 excavations up to 21 m (69 ft.) deep were dug

for ICBM missile installations in North Dakota. The following

observations were made with regard to till fractures at these excavations:

(Grisak and others, 1976)

1)

2)

3)

4)

5)

6)

7)

Fractures in till were observed in 70 percent of the
excavations.

Both vertical and horizontal fractures exist with vertical
fractures more obvious.

Vertical fracture systems generally ended at till-Cretaceous
shale contact. At two sites, the till and shale shared a single
fracture system.

Some fracture planes occurred in exceptionally hard till and
cut through cobbles.

At some sites, fractures passed through till, then silt layers,
then till again.

Iron and manganese oxides were the most common
secondary minerals on fracture surfaces.

Gypsum was present as selenite crystals on fracture surfaces
in the upper few meters of till.

Hendry (1982) observed fractures in the surficial weathered till and

found no evidence of fractures in the non-weathered till at Lethbridge,

Alberta. Both small-scale and large-scale fracture patterns were

identified in the weathered till. The spacing of small-scale fractures was

10 mm (0.4 in.) and the spacing of large-scale fractures ranged from 20

to 630 mm (0.8 to 24.8 in.). Fractures were oriented vertical to



subvertical. Fracture surfaces were stained yellow-brown throughout
and contained gypsuim.

Prudic (1982) observed fractures in tills in New York. Some
fractures were reported to extend into underlying unoxidized till to
depths of 4.5 m (14.8 ft.) below land surface.

Grisak and Cherry (1975), in an investigation in southeastern
Manitoba observed fractures in Shelby tube core samples extending to
depths of up to 6.1 m (20.0 ft.). Fractures occurred in both weathered
and non-weathered till zones. In a 4.6 m (15.1 ft.) deep pit, fracture
spacing was measured at 4 cm (1.6 in.). Fractures were coated with
calcium carbonate and iron oxide.

Bradbury and others (1985) reported joints that extend to at least
5.4 m (17.7 ft.) below land surface at the Ashland site in northwestern
Wisconsin.

D' Astous and others (1989) observed fractures to depths of 7.7 m
(25.3 ft.) in a clay till near Sarnia, Ontario. The top 4 to 6 m (13.1 to
19.7 ft.) of till was weathered and contained root channels. Test pits
were excavated to map fractures. Water drained into the pits at
significant rates indicative of fracture flow.

In a fine-grained till in southeastern Wisconsin, Simpkins and
Bradbury (1992) reported maximum "effective” fracture depth to about
10 m (32.8 ft.). Effective fracture depth refers to the ability of the
fracture to increase bulk hydraulic conductivity.

Based on field derived hydraulic conductivities, Van der Kamp and
Maathius (1986) concluded that fractures did not contribute to the bulk
hydraulic conductivity of the till aquitard below depths of about 10 to



20 m (32.8 to 65.6 ft.). It was hypothesized that fractures tend to be
effectively closed at greater depths due to higher effective stress.

Day (1977) investigated the hydrogeology of clay and till deposits in
the Winnipeg area of Manitoba. He reported predominantly vertical
fractures in the surficial lacustrine clays and underlying till. The
fractures commonly were lined with gypsum. A maximum fracture depth
was not reported. The average calculated fracture spacing in the clay
and till deposits was probably between 5 and 15 cm (2 and 5.9 in.).
Calculated representative fracture widths ranged from 1.3 x 104 t0 5.5
<104 cm (5.1 x 10-5 t0 2.2 x 104 in.) in the clay and from 5.0 x 10
to1.4x 10 -3 cm (2.0x 10-4 to0 5.5 x 104 in.) in the till.

Cravens and Ruedisili (1987) excavated seven test pits to a depth
of 3.1 m (10 ft.) in till in east-central South Dakota. The oxidized
(weathered) till contained numerous vertical root channels and
macropores. There was no evidence of widespread systematic fracturing.

Ruland and others (1991) evaluated fracture depths in a clayey till
plain in southeastern Ontario. Test pits were dug to a depth of 6 m
(19.7 ft.). Fractures were observed beyond 5.6 m (18.4 ft.) at two sites.
Fracture spacing increased from one fracture every centimeter near land
surface to one fracture every 50 cm (19.7 in.) to 2 m (6.6 ft.) ata 4.5 m
(14.8 ft.) depth. Near the land surface, fractures were interconnected.
Fracture orientation was vertical to near vertical. Long fractures up to 5
m (16.4 ft.) in length were infrequent.

In a prairie pot-hole investigation in Stutsman County, North
Dakota, Sloan (1972) reported the till was jointed. In addition, he quotes
a comment from Meyboom and others (1966, p. 38) that "drilling fluid



was lost at 16.8 m (55 ft.) and 13.4 m (44 ft.) and shortly after, drilling
fluid emanated from surface fractures 6.1 m (20 ft.) from the drill hole.”
Keller (1985) evaluated the hydrogeology of the glacial till confining
the Dalmeny aquifer near Martensville, Saskatchewah. At the test site,
the Floral Formation (till) occured from 1 to 2 m (3.3 to 6.6 ft.) below land
surface and is 18.5 m (60.7 ft.) thick. The top 10 to 12 m (32.8 to
39.4 ft.) was oxidized. The Floral Formation contained vertical and
horizontal fractures spaced about one cm (0.4 in.) apart. Gypsum
crystals were commonly observed in fracture surfaces. Visual inspection
of Shelby tube samples showed no fractures in the bottom 6 to 8 m (19.7
to 26.2 ft.) of the unoxidized till. Hydraulic conductivity values
determined from lab tests generally were one to three orders of
magnitude smaller than those determined from field (slug) tests. Based
on this and other hydraulic data obtained from oedometer and pump
tests, Keller (1985) concluded that the unoxidized till must be fractured.
In contrast to the Dalmeny site, Keller and others (1988) found
that hydraulic conductivity values determined from lab tests were the
same as those determined from field tests at the Warmen site in
Saskatchewan. This coupled with stable isotope data suggested that
recharge at the Warmen site occured only in the shallow, oxidized zone
and that discharge primarily was upward from evapotranspiration,
freezing, or other causes. The Warmen site appears to be similar to that

previously described by Cravens and Ruedisili (1987).

Origin of Fractures
Vertical fractures may be accounted for by several mechanisms

including (Grisak and others, 1976; Day, 1977; Harding, 1986):



1)

2)

3)

4)

5)

regional extension of the earth's crust due to crustal rebound
following glacial loading,

conjugate shearing in response to over-riding ice movement,

tension fracturing as a result of a primarily vertical stress
release following removal of the load imposed by the glacial
ice,

propagation of fractures within till from joint patterns in the
underlying bedrock under the influence of earth tides, and

volume changes due to geochemical processes such as ion
exchange and volume changes due to desiccation.

Grisak and Cherry (1975) state that the lack of horizontal fractures

in relation to vertical fractures suggests crustal rebound rather than

glacial unloading.

Till Fracture Conclusions

Based on existing investigations, the following generalizations are

considered valid regarding till in North Dakota:

1)

2)

3)

4)

fractures are ubiquitous in the yellow brown, weathered
zones of till,

fractures also occur in the non-weathered till but are less
frequent, more widely spaced and probably effect bulk
hydraulic conductivity to depths of no more than about
18.3 m (60 ft.),

fracture orientation predominantly is vertical to near vertical,
and

iron oxides and gypsum commonly occur on fracture
surfaces.

10



Hydraulic Properties

Hydraulic Conductivity

As previously stated, aquitard storage represents a potentially large

source of water available to buried-valley aquifers through leakage. The

volume of water derived from storage in the aquitard over a given time

period depends, in part, on aquitard hydraulic conductivity. Since the

till aquitard is a duel porosity/permeability media, particularly in the

shallow zone, efforts have been made to measure both primary

(intergranular) and bulk (fracture) hydraulic conductivity.

Methods used by previous investigators to measure intergranular

and bulk hydraulic conductivity include the following: (Grisak and
others, 1976)

1)
2)

3)

4)
5)

6)

7)

8)

9)

permeameter tests in the lab,

tracer tests using artificially injected tracers with subsequent
travel time monitoring,

tracer studies using naturally occurring (oxygen-18,
deuterium) or bomb produced isotopes (tritium, carbon-14),

single-well, water-level response tests (slug tests),

aquifer pumping tests with drawdown measurements only in
the aquifer,

aquifer pumping tests with drawdown measurements in the
aquifer and in the till confining beds,

analysis of downward propagation of seasonal water-table
fluctuations,

calculations using fracture geometry observation with
equations developed by Snow (1969), and,

calibration of 1-, 2-, and 3-dimensional ground-water flow
simulation models.
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Laboratory permeameter tests may not provide reliable bulk
hydraulic conductivity values because it is difficult to obtain undisturbed
representative samples. In a fractured setting the sample length (core)
may be small in relation to fracture spacing. Therefore, calculated
hydraulic conductivity may only reflect intergranular values and not bulk
values. In addition, the ionic composition of water used in lab
permeameter tests may differ significantly from in-situ sample ionic
composition. A change in water chemistry from field to lab can effect
volume changes (shrink swell) in clays thereby altering hydraulic
conductivity. Finally, longer-term lab permeameter tests can be affected
by bacterial clogging which reduces hydraulic conductivity (Ripley and
Saleem, 1973).

The use of natural isotopes and artificial tracers also pose
problems on the reliability of calculated hydraulic conductivity values.
To compute hydraulic conductivity using tracer data requires a
knowledge of effective porosity. In most fractured settings, effective
porosity (intergranular and bulk) is poorly defined. In addition, diffusion
is an important flow component in materials characterized by small
hydraulic conductivities. In fractured tills, tracer penetration depths are
retarded by diffusion from fractures into intergranular pores (Day, 1977).
The result can be to underestimate hydraulic conductivity.

In many aquitard investigations, hydraulic conductivity is
calculated using water-level data measured during single-well response
(slug) tests. Analytical methods include Hvorslav (1951), Ferris and
others (1962), Cooper and others (1967), Bouwer and Rice (1976) and
Nguyen and Pinder (1984). Single-well response tests generally are small

time and length scale tests that are economical to perform. The
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reliability of hydraulic conductivity values calculated from single-well
response tests in fractured clayey media is questionable. D' Astous and
others (1989) report smearing along borehole wells that significantly
reduces hydraulic conductivity. Also, piezometer intake intervals may
not intercept any fractures, thus precluding evaluation of bulk hydraulic
conductivity. Herzog and Morse (1986) found that the average values of
hydraulic conductivity calculated from single-well response tests in
angled drill holes/piezometers were greater than for vertical holes.
Fractures were mostly vertical to near vertical and angled piezometers
provided a better evaluation of bulk hydraulic conductivity.

Keller and others (1989) question the validity of extrapolating the
results of short-term, high-gradient, single-well response tests to long-
term, low-gradient conditions. At their Warmen test site in
Saskatchewan, which is characterized by a thick, unfractured, clayey till,
it was concluded that single-well response tests provided reasonable
estimates of bulk hydraulic conductivity. However, the authors further
state that hydraulic conductivities calculated from single-well response
tests should be checked using bulk-scale methods, and slug tests should
be carried out on piezometers with intake intervals of various lengths and
in boreholes completed by various techniques.

Pump tests provide methods for calculating aquitard hydraulic
conductivity on larger length and time scales. There are two basic test
types, 1) those with drawdown measurements in the aquifer (Hantush,
1956; 1960), and 2) those with drawdown measurements in both the
aquifer and aquitard (Neuman and Witherspoon, 1969). Unlike single-
well response tests, pump tests are much more expensive because they

require the construction of a production well and generally two or more

13



observation wells. In addition, buried-valley aquifers in North Dakota are
strip-like aquifers (parallel barrier boundaries), commonly less than a few
miles wide. As a result, assumptions in the above analytical methods
commonly are violated. The Noordbergun effect (Rodrigues, 1983)
distorts early time-drawdown data and barrier boundary effects distort
intermediate and late-time data rendering analytical approaches invalid.

The step-head test (Bredehoeft and Hanshaw, 1968) as described
using a field example (Wolf, 197 0) is a type of pump test that can be
applied in aquifer/aquitard settings with more complex boundary
conditions. The pumping rate can be reduced as pumping proceeds to
maintain a constant head over the duration of the test. An example of
this analytical approach using water-level response data from the
Spiritwood aquifer is presented later in this paper.

Some investigators have developed 1-, 2-, or 3-dimensional
ground-water simulation models to evaluate hydraulic conductivity in till
aquitards (Prudic, 1982; Grisak and Cherry, 1975). More complex
boundary conditions can be considered using these models as compared
to analytical techniques. In addition, models can be more effective tools
for evaluating larger length and time scales in complex hydrogeologic
systems. Solution non-uniqueness, however, is an important
consideration with regard to computer models. Drawdown response in
an aquitard resulting from pumping an adjacent aquifer is, in part, a
function of hydraulic diffusivity of the aquitard. Hydraulic diffusivity is
the ratio of vertical hydraulic conductivity (Kv) and specific storage (SS')
of the aquitard. Drawdown in the aquitard is directly proportional to

hydraulic conductivity and inversely proportional to specific storage.

Various combinations of Ky and Ss' yield identical hydraulic diffusivities.
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If at least one of these parameters is not known a priori, the most one
can hope for is an evaluation of hydraulic diffusivity.

The approach by Snow (1969) was used by Grisak and others
(1976) to evaluate fracture flow in till. This analytical method requires
data on average fracture spacing, half-aperture width, and total number
of fractures in a measured area. Collecting this data at large depths in
thick tills is not practical.

Table 1 summarizes hydraulic conductivity values calculated by
previous investigators in non-weathered till and table 2 summarizes
hydraulic conductivity values calculated by previous investigators in
weathered till. The single-well response test was the most common field
method used to evaluate till hydraulic conductivity. For the most part,
field derived values (single-well response tests) of hydraulic conductivity
were between 1 to 3 orders of magnitude larger than those derived by lab
methods when inVeswtigators applied both lab and field techniques.
Larger field hydraulic conductivity values were attributed to fracture
flow.

The problem of determining hydraulic conductivity of clayey tills
can be viewed in terms of length and time scales (Neuzil, 1986). At
typical laboratory sample length-scales of 0.01 to 0.10 m (0.003 to 0.03
ft.), hydraulic conductivity tests can be carried out with time scales of 0.1
to 10.0 days, (Van der Kamp and Maathius, 1986). Field tests (slug
tests, aquifer tests) commonly are carried out on a time scale of 1 to 100
days. In tight (effectively unfractured) tills induced transient head
changes penetrate about 0.1 to 10 m (0.03 to 32.8 ft.) into the till. These
tests generally do not provide bulk hydraulic conductivity values for

thicker, tighter tills. To answer long-term, water-resource management

15



91

TABLE 1. - Hydraulic conductivity of nonweathered till

REFERENCE COMMENTS
SITES OUTSIDE OF NORTH DAKOTA
PRUDIC (1982) N = 12; DEPTH RANGES FROM 4.0 TO 16.2 m; MEAN TEXTURE: 50% CLAY 27% SILT 10% SAND 13% GRAVEL;
(NEW YORK) MEANk = 2 E-10 m/sec
BRADBURY and OTHERS | 1V™ 12 SUPERIOR SITE; 77% CLAY 16% SILT 7% SAND; GEOMETRIC MEAN k = 2.1 E-10m/sec
{1985) (WISCONSIN)
N = 5; ASHLAND SITE: 44% CLAY 41% SILT 15% SAND; GEOMETRIC MEAN k = 1.4 E-10m/sec
MULDOON (1887) N = 20; MARATHON FORMATION: 32:39% CLAY 43-47% SILT 18-20% SAND;
(WISCONSIN) GEOMETRIC MEAN k = 5.8 E-08 m/sec
%'E},’ﬁgm%‘i%%‘ N = 35; 26% CLAY 51% SILT 22% SAND; DEPTH RANGES FROM 4.6 m-16.8 m; MEDIAN k = 4.3 E-09 nvsec
(SEEK%%SEWN) N=9; DALMENY SITE; 26% GLAY 2% SILT 45% SAND; MEAN k = 1 E-08 misec
“gs%l)-l(—grs-'(\: %{gﬁm N = 14; WARMAN SITE; MEAN k = 3.2 E-11 m/sec
A (oNTARG) - | N = 60; DEPTH RANGES FROM S TO 16.2 m; MEAN k = 2.1 E<10 mvssc
m\". 13;7 A N = 13; DEPTH RANGES FROM 5.5 TO 18.1 m; MEAN k = 1.5 E-07 m/sec
—_ (MANITOB/
5‘"{:‘,‘},’;?(:,."52“‘“’?.‘,"" N = 7; 35% CLAY 53% SILT 12% SAND; DEPTH RANGES FROM 10 TO 22.4 m; MEAN k = 3.1 E-10 mVsec
NORTH DAKOTA SITES
(swﬁ'gm’:,‘é{’ﬁ)“m N = 8; 33% CLAY 36% SILT 27% SAND; DEPTH HANGES FROM 8.2 TO 13.3m
e iAo Ahan> | N=4; DEPTH RANGES FROM 7.3 TO 15.5 m; MEANK = 7 E-07 misec
BEAL (1986
(NORTH-CENTI TAAI). N = 24; ABOUT 30% CLAY 35% SILT 35% SAND; DEPTH RANGES FROM 7 TO 18.4 m; MEAN k = 2.9 E-06 nvsec
P e SOOIV ) | N=3;20-27% CLAY 34-44% SILT 36-41% SAND
:‘D‘{E‘{,'l’fg &?{E’)’ N = 2; DEPTH RANGES FROM 11.6-13.6 m; MEAN k = 3.6 E-06 m/sec

[METHOD OF HVORSLEYV (1951) USED BY ALL INVESTIGATORS TO CALCULATE HYDRAULIC CONDUCTIVITY]

HYDRAULIC CONDUCTIVITY (m/sec)
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TABLE 2. - Hydraulic conductivity of weathered till

REFERENCE COMMENTS
SITES OUTSIDE OF NORTH DAKOTA
PRUDIC (1062) N = 3; 50% CLAY 27% SILT 10% SAND 13% GRAVEL
(NEW YORK)
KELLER and OTHERS | N= 11; DALMENY SITE; DEPTH RANGES FROM 1.9 TO 11.9 m; MEAN k = 1.8 E-09 m/sec
(1988)
(SASKATCHEWAN) | N = 5; WARMEN SITE; DEPTH RANGES FROM 4.5 TO 6.0 m; MEAN k = 3.5 E-00 m/sec
HENDRY (1982) .
(SOUTHERN ALBERTA) N = 41; TEXTURE RANGES FROM SANDY CLAY TO CLAYEY SAND

CRAVENS and RUEDISILI | N = 26; 28% CLAY 51% SILT 22% SAND; MEDIAN k = 7.41 E-08 m/sec;
(1987) (SOUTH DAKOTA) | AVERAGE OXIDATION ZONE DEPTH =79 m
RULAND and OTHERS | N = 40; DEPTH RANGES FROM 1 TO 4 m; 23 k's REPORTED AS > 1 E-09 m/sec

(19891) (ONTARIO)

SIMPKINS and BRADBURY ] ) ]
(1o97) (MSCONSIN) N = 10; 35% CLAY 53% SILT 12% SAND; DEPTH RANGES FROM 0.8 TO 3.2 m; MEAN k = 2.1E-08 m/sec
BENDER and CARLSON (1984)] USED SPRINKLER IRRIGATION APPLICATIONS COUPLED WITH TENSIOMETRIC DATA TO CALCULATE
__(SOUTH DAKOTA) SATURATED HYDRAULIC CONDUCTIVITY IN TILL
D'ASTOUS and OTHERS | BULK k OF WEATHERED TiLL FROM BAIL-DOWN TEST IN LARGE DIAMETER WELL AND TRACER TESTS
(1989) DEPTH RANGES FROM 1 TO35m
NORTH DAKOTA SITES
PATCH and KNELL (1938) N = 2; 20-27% CLAY 34-44% SILT 36-41% SAND

RCRA FACILUITY INVEST.(1991)

N = 8; DEPTH RANGES FROM 1 TO 8.5 m; MEANk = 4.2 E-05 m/sec

SCHUH and OTHERS (1992)

N = 3; DEPTH RANGES FROM ABOUT 3.1 TO 6.1 m; MEAN k = 2.3 E-08 m/sec
k MEASURED USING TRANSIENT FLOW WATER-BALANCE METHOD

THOOIEN (1993)

N = 18; DEPTH = 2m; MEAN k = 4.7E-07 m/sec; CALCULATED HYDRAULIC CONDUCTIVITY

USING TENSIQMETERS AND NEUTRON ACCESS TUBES

[METHOD OF HVORSLEV (1951) USED BY ALL INVESTIGATORS TO CALCULATE HYDRAULIC CONDUCTIVITY

UNLESS OTHERWISE NOTED]
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questions, reliable information is needed on the bulk hydraulic
conductivity of clayey aquitards (tills) at a length scale of the practical
problem which typically is on the order of thousands of meters (Keller
and others, 1989) and a time-scale ranging from 0.3 to 3,000 years (Van
der Kamp and Maathius, 1986).

Specific Storage

Specific storage (SS') of a confined saturated layer is defined as the
volume of water that the material will release per unit bulk volume of
material per unit decline in average hydraulic head over the volume
(Grisak and others, 1976). It is dependent on the compressibilities of the
porous medium and of the pore water.

Specific storage can be determined from lab consolidation tests,
single-well response tests, and pumping tests. The coefficient of
consolidation as used in soil mechanics has been shown by Domenico
(1972) to be the ratio of hydraulic conductivity to specific storage
(hydraulic diffusivity).

When fractured, till has both a specific storage (SS') associated with
fractures and an intergranular specific storage. Fracture specific storage
is smaller than intergranular specific storage. Grisak and others, 1976)
states the following:

"Till with intergranular specific storage values
transmits pore water pressure changes very slowly
because the process of intergranular consolidation
must take place in order for the pressure change to
proceed. In other words, water must escape from the
pore spaces. Compared to fractured till, the
intergranular matrix is much more compressible, but
the rate of consolidation (or compression) is very slow
because of the very low hydraulic conductivity of the
medium."
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Specific storage values associated with till are not commonly found in the
literature. Table 3 shows both lab and field determined values from
previous investigations. Aquifer test values probably are more
representative of bulk specific storage values. The larger specific storage
reported by Van der Kamp and Maathius (1986) is calculated from a 12-
year "pumping test" and probably reflects a greater contribution from
intergranular flow. The smaller specific storage values reported by
Grisak and Cherry (1975) were calculated from pumping tests of a much
shorter duration (8.75-120 hours) and, as a result, the contribution from

intergranular flow may be smaller.

Porosity

In a fractured setting, tills have both an intergranular and fracture
porosity. Grisak and Cherry (1975) using tritium tracer tests calculated
a till fracture porosity of 2 x 10 4 to a maximum depth of 13 m (42.6 ft.).
Till intergranular porosities calculated from lab analyses ranged from
0.25 to 0.40. Lind (1989) for a silty, sandy till in Sweden measured
porosities from 18 to 48 percent with 80 percent of the samples ranging
between 20 and 35 percent. Effective (drainable) porosity ranged from
2.5 to 32 percent with 25 percent of the samples ranging between 3 and
10 percent. Bender and Carlson (1984) measured drainable porosities
between 0.03 and 0.06 in a shallow weathered till in South Dakota.
Within the 1 to 3 m (3.3 to 9.8 ft.) layer, the most probable drainable
porosity ranged from 0.04 to 0.05. Cartwright (verbal communication,
1992) estimates that drainable porosity near land surface and excluding
fractures is about 10 percent of the total porosity in Illinois tills. Day

19



Table 3. - Values of specific storage and hydraulic diffusivity

SAMPLE LAB SPECIFIC FIELD SPECIFIC  HYDRAULIC DIFFUSIVITY

REFERENCE TEXTURE DEPTH STORAGE STORAGE {Kv'/Ss")
KELLER (1985) 45% SAND 12TO031E04m1 | __
DALMENEY SITE 29% SILT 03T018.9m MEAN = 1.3 E04 m-1 A5 E-gsmRiens
(SASKATCHEWAN) 26% CLAY
AQUIFER TEST
GRISAK and CHERRY (1975 7.6 E-04 TO 1.5 E-03 m-1
(SOUTHEASTERN uAN:Toa:\) ______ - MEAN = 1.1 E-03 m-1 15T03.0E04m1 | ——————————-
MANITOBA HWY DEPT. | (SMALL VALUE INDICATIVE
_MEAN =82 E-04m-1 OF FRACTURES)
VAN DER KAMP and MAATHIUS]
(esey = ] —————- —— . O L?;G;;R%ﬁ;@ougﬁs'r 5.0 E-07 to 2.0 E-06 m2/sec
(WEYBURN SASKATCHEWAN) : E
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(1977) calculated fracture porosities ranging from 3.9 x 10-5 in clay and
till in the Winnipeg area of Manitoba.

Hydraulic Gradient

Hydraulic gradient is a useful parameter to infer hydraulic
conductivity changes in a ground-water flow field. Hydraulic gradient
varies inversely with hydraulic conductivity. Therefore, effective fracture
depths in till may be distinguished by changes in hydraulic gradient.
Table 4 summarizes reported hydraulic gradients in relation to depth
below land surface. Smaller hydraulic gradients are associated with
shallow, weathered tills where fractures are ubiquitous. Larger hydraulic
gradients are associated with deeper, non-weathered tills where fractures

are less widespread.

Hydrochemistry of Till
Calcite and dolomite are ubiquitous in tills throughout Alberta and

North Dakota (Grisak and others, 1976). As a result, ground water in till

commonly is high in Ca2+, Mg2+, and HCO3~. Most till ground waters are

saturated or oversaturated with respect to calcite and dolomite. Excess
Ca2+, Mg2+, and all Nat, Cl-, and SO4~ can be accounted for by
dissolution of other minerals, ion exchange, and upward diffusion of
solutes from underlying bedrock formations. Gypsum associated with
fractures probably formed by evapotranspiration.

At the Superior and Ashland sites in northwestern Wisconsin,
Bradbury and others (1985) found that ground water in the till was
oversaturated with respect to calcite and dolomite near the surface, but

saturation indices decreased with depth. Concentrations of Ca2+, Mg2+
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Table 4. - Hydraulic gradients in till

REFERENCE HYDRAULIC GRADIENT HYDRAULIC GRADIENT
SIMPKINS and BRADBURY 0.01 T00.08 0.11T0 1.06
(1992) (< 10 m DEEP) > 10 m DEEP
(SOUTHEASTERN WISCONSIN)
CRAVENS (1987) .0.12 TO 0.77 MEAN = 0.09 .0.36 TO 2.06 MEAN = 0.6
(EAST-CENTRAL WEATHERED TILL NONWEATHERED TILL
SOUTH DAKOTA) <7.44%2.5m DEEP >7.44%.2.5m DEEP
017002 0.02T00.7
HENDRY and OTHERS {1986
E(smrﬁ“éau ALEBER'(I'A) ) WEATHERED TILL NONWEATHERED TILL
<1270 15 m DEEP 12 T0 15 m DEEP

[ NEGATIVE VALUES INDICATE UPWARD GRADIENTS]
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and HCO3" also decreased with depth, while Cl- consistently increased.
Concentrations of all ions were most variable in the upper 15 m (49.2 ft.)
of the profile, possibly a result of weathering processes or fracture flow in
the shallow zorne.

Desaulniers and others (1981) also observed increased CI”
concentrations with depth in Quaternary clays in southwestern Ontario.
This trend was accounted for by molecular diffusion against the
hydraulic gradient.

Fortin, and others (1991) identified "leached" and "unleached"
hydrochemical settings at the Dalmery site near Saskatoon,
Saskatchewan. "Leached" settings were defined as areas associated with
depressions and other minor water-collecting features in which the
oxidized till contains no solid gypsum throughout its thickness. In these
areas, recharge was relatively large and the oxidized till/sulfate reservoir
was well flushed. Dissolved-solids concentrations averaged about 1,200
mg/L and the water was a calcium-bicarbonate type. "Unleached"
settings occur beneath topographic highs where rain and snowmelt run
off on the surface into surrounding depressions. In these areas, recharge
was relatively small and the oxidized till/sulfate reservoir was not well
flushed. As a result, gypsum was still present in the till. Dissolved-
solids concentrations averaged about 5,000 mg/L and the water was a
calcium sulfate type. Sulfate content generally exceeded 50 meq/L and
these waters were saturated with gypsum. The major geochemical
processes occurring at this site were carbonate dissolution, pyrite
oxidation, precipitation and dissolution of gypsum, oxidation of organic
carbon, and cation exchange. The solid gypsum found in the oxidized till

appears to have been formed in situ owing to oxidation of pyrite, with
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little subsequent transport. Hendry and others (1986) on the other hand
determined that the source of sulfate in the till in southern Alberta was
from oxidation of organic sulfur. Regardless of sulfate genesis, surficial,
oxidized till functions as a sulfate reservoir.

Fortin and others (1991) also concluded that areas of surficial
stratified drift played an important role on spatial hydrochemical
patterns in both the till and underlying buried aquifer. In areas where
relatively thick stratified drift occurred, the water table was above the till
and the till was mostly unoxidized, thus diminishing the importance of
the sulfate reservoir (i.e. pyrite or organic sulfur is not oxidized to
produce sulfate). Furthermore, the authors concluded that flow through
the aquitard probably was relatively large because the occurrence of sand
at the ground surface allowed rapid infiltration and significant recharge
to occur even in non-depressional areas. This setting is very similar to
that described by Shaver (1985, p. 68-69) in the Spiritwood aquifer in
southeastern LaMoure County, North Dakota. Based on the above, it is
apparent that mapping land-surface topography, surficial geology
(including soil surveys) in buried-valley aquifer studies may facilitate
location of some significant recharge areas.

Cravens and Ruedisili (1987) compared water quality in the non-
weathered till to that in the weathered till in east-central South Dakota.
Total dissolved solids of water samples from the weathered zone averaged
about 2,000 mg/L higher than those from the non-weathered zone. The
large decrease in total dissolved solids with depth was attributed to
decreased concentrations of sulfate and magnesium. Decreased salinity
with depth suggests little or no deep percolation or recharge to deeper

buried-valley aquifers.
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Rozkowski (1967) described the hydrochemistry of a small local
basin in hummocky moraine in southern Saskatchewan. The upland
recharge area was characterized by a calcium-magnesium-sulfate type
water which was formed primarily in the zone of aeration. Dissolved-
solids concentrations ranged from 3,200 to 3,800 mg/L. The discharge
area near the slough was characterized by a magnesium-(sodium)-sulfate
type water with increased salinity. Dissolved-solids concentrations were
50,000 mg/L. The discharge area also was characterized by vertical
chemical zonation with increased water salinity towards land surface.
Evapotranspiration was the primary solute concentrating mechanism. In
addition, the discharge area was characterized by larger temporal
(seasonal) fluctuations in salinity.

WATER-LEVEL RESPONSE AND HYDROCHEMISTRY IN
PIEZOMETER NESTS IN THE SPIRITWOOD AQUIFER STUDY AREA

Throughout the 1980s eight piezometer nests were installed in the
Spiritwood aquifer study area in southeastern LaMoure, northeastern
Dickey, and northwestern Sargent counties. The piezometer nests were
installed to monitor temporal vertical distribution of hydraulic head in
the Spiritwood aquifer and overlying till and lacustrine silty clay/clayey
silt aquitards. In addition, water samples were periodically collected
from the piezometer nests to determine vertical water chemistry
distribution. The locations of the piezometer nests are shown in figure 2.
Geologists logs of the piezometer nests are presented in Appendix 1.
Water levels measured at the piezometer nest sites are presented in
Appendix 2, and water chemistry analyses for samples collected from

each piezometer are presented in Appendix 3.
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Figure 2 . -- Location of piezometer nests in the Spiritwood aquifer study area
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Piezometer Nest 134-061-13DAD

Water-Level Response

Piezometer 134-061-13DAA1 is screened from 78.4 to 79.9 m (257
to 262 ft.) below land surface near the base of the Spiritwood aquifer;
piezometer 13DAD2 is screened from 40.2 to 41.8 m (132 to 137 ft.)
below land surface near the top of the Spiritwood aquifer; and piezometer
13DADS3 is screened from 20.7 to 22.3 m (68 to 73 ft.) below land
surface in a shallow, undefined, fluvial sand and gravel.

Hydrographs of the three piezometers are shown in figure 3.
Water-level elevations decrease with increasing depth indicating
downward ground-water flow. The vertical hydraulic gradient between
13DAD2 and 13DADS3 (across the till) was 0.34 (measured 5/1/87) and
the vertical hydraulic gradient between 13DAD2 and 13DAD1 (across the
Spiritwood aquifer) was 0.015.

Piezometer nest 134-061-13DAD is located on a local, land-surface
topographic upland area that is near two local, land-surface topographic
low areas (James River Valley - Twin Lakes). The screened interval of
piezometer 13DAD3 is within about 6.1 m (20 ft.) of the Twin Lakes
water-surface elevation shown on the U.S. Geological Survey 7 1/2-
minute topographic quadrangle (Grand Rapids, ND). A water-level
decline of about 2.4 m (8 ft.) was measured at piezometer 13DAD3 during
the drought of 1988. Water levels in other piezometers at similar depths
southeast of this area declined about 1.5 m (5 ft.) during the drought of
1988. It is possible that the sand and gravel in which piezometer
13DADS3 is screened is hydraulically connected to Twin Lakes. The larger

water-level decline during 1988 may be the result of a lack of recharge
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WATER-LEVEL ELEVATION, IN FEET ABOVE MEAN SEA LEVEL

PIEZOMETER NEST 134-061-13DAD
DAD1 8S.1.=257-262 Ft. BLS (BASE OF SPIRITWOOD AQUIFER)
DAD2 S.1.=132-137 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)
DAD3 S.I.=68-73 Ft. BLS (UNDEFINED SAND)
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Figure 3.-- Hydrographs showing water levels at piezometer
nest 134-061-13DAD
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coupled with increased discharge by evapotranspiration from nearby
Twin Lakes.

It is also important to note that the pattern of water-level
fluctuations in 13DAD3 did not resemble those of 13DAD1 and 13DAD2.
The upper part of the flow system does not appear to be well connected
hydraulically to the deeper part of the flow system (Spiritwood aquifer).
This suggests that the till from 22 to 34 m (72 to 112 ft.), separating the
two flow systems, has a relatively small hydraulic diffusivity (KV' F) SS').

Water Chemistry

As compared to other parts of the Spiritwood aquifer study area,
the Twin Lakes area has smaller dissolved solids concentrations
(generally less than 600 mg/L) (Shaver, 1985). The small sulfate
concentrations suggest that surficial oxidized till (sulfate reservoir) is not
ubiquitous and/or is well flushed in this area. The water chemistry of
13DAD1 and 13DAD2 was very similar (figs. 4 and 5) indicating minor

upward flow from underlying bedrock shale (Pierre Formation).

Piezometer Nest 133-060-02CDD

Water-Level Response

Observation well 133-060-02CDD1 was completed in 1983, one
year prior to piezometers 2CDD2, 3, and 4. The well is screened from
77.7 to 79 m (255 to 260 ft.) at the base of the Spiritwood aquifer. After
the casing and screen were inserted into the drill hole, the well was
blown with air to collapse the formation around the screen and drill
cuttings were shoveled into the annular area. Cement or bentonite grout

was not injected into the annular area of this well. The inside of the well
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PIEZOMETER NEST 134-061-13DAD
DAD1 S.1.=257-262 Ft. BLS (BASE OF SPIRITWOOD AQUIFER)
DAD2 S.1.=132-137 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)
DAD3 S.1.=68-73 Ft. BLS (UNDEFINED SAND)

Figure 4.-- Piper trilinear diagram showing range in water chemistry at piezometer
nest 134-061-13DAD
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PIEZOMETER NEST 134-061-13DAD
DAD1 S.1.=257-262 Ft. BLS (BASE OF SPIRITWOOD AQUIFER)
DAD2 S..=132-137 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)
DAD3 S.1.=68-73 Ft. BLS (UNDEFINED SAND)
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Figure 5.-- Schoeller diagram showing concentrations of selected
ions at piezometer nest 134-061-13DAD
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was inadvertently plugged with cement grout during the installation of
piezometer 2CDD2 and, as a result, the well was abandoned. Piezometer
2CDD2 is screened from 59.5 to 61 m (195 to 200 ft.) in the top of the
Spiritwood aquifer, piezometer 2CDD3 is screened from 35.7 to 37.2 m
(117 to 122 ft.) in till, and piezometer 2CDD4 is screened from 7.9 to 9.5
m (26 to 31 ft.) in an undefined sand.

Hydrographs of the three piezometers are shown in figure 6.
Water-level elevations decrease with increasing depth indicating
downward ground-water flow. The hydraulic gradient between 2CDD4
and 2CDD3 was 0.28 and the hydraulic gradient between 2CDD3 and
2CDD2 was 0.27. The similar hydraulic gradients suggest rather
uniform hydraulic conductivity throughout the non-weathered till at this
site.

The hydrograph of piezometer 2CDD2 (top of Spiritwood aquifer) is
characterized by declining water levels during the summer and rising
water levels during the fall, winter, and spring. Declining water levels
during the summer were the result of irrigation withdrawals from the
Spiritwood aquifer. The pattern of water-level fluctuations in 2CDD3 (till)
was similar to that of 2CDD2 indicating significant upward propagation
of drawdown and recovery into the till.

Bredehoeft and Hanshaw (1968) describe an analytical method to
evaluate excess head throughout a sedimentary sequence. The method
defines the excess-head distribution in the semi-infinite medium

(aquitard) after imposing a step change in head at the boundary
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(adjacent aquifer). The solution (Carslaw and Jaeger, 1959, p. 60) is:

hl = Hg exf { = }
(4Kt/Sg)1/2)

where,

Ho - step change in head in aquifer, in meters
hl - excess residual head in aquitard, in meters

K - hydraulic conductivity of aquitard, in meters per day

t - time, in days

Sq - specific storage of aquitard, in meters (-1)

z - vertical distance above or below aquifer/ aquitard boundary,

in meters
erf - error function (from mathematical table)'

The drawdown at any point in the aquitard is the difference between Ho
and h' (Ho - h).

This analytic method was used to evaluate hydraulic diffusivity of
the till aquitard using the water-level response in piezometer 2CDD3 (till)
and piezometer 2CDD2 (top of Spiritwood aquifer). The 1990 summer
irrigation season was selected to apply this method because drawdown
was the largest on record in both the Spiritwood aquifer and till
piezometers. It was assumed that the maximum irrigation season
drawdown 2.81 m (9.23 ft.) occurred as an "instantaneous” step
drawdown at time (t) = O (beginning of irrigation season). In reality, the
maximum drawdown 2.81 m (9.23 ft.) was not instantaneous as shown
by the water-level hydrograph of piezometer 2CDDa3 (fig. 6). A more
realistic Ho would be smaller than 2.81 m (9.23 ft.). Using a larger Ho
yields a more conservative (smaller) value of hydraulic diffusivity.

The calculated drawdown profile in the till aquitard above the
Spiritwood aquifer at 133-060-02CDD is shown in figure 7. Note that at
100 days, the drawdown profile intersects land surface at just over 0.3 m

(1 ft.) of drawdown. Thus, the semi-infinite aquitard boundary condition
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in the analytical method is violated. However, the amount of drawdown
0.3 m (1 ft.) is considered small and probably would not greatly alter the
drawdown profile as shown, particularly at the depth of piezometer
2CDDS3 (SI = 35.7-37.2 m; 117-122 ft.).

The actual maximum drawdown measured at piezometer 2CDD3
was 1.56 m (5.11 ft.) and was approximated analytically using a
hydraulic diffusivity of 8.33 x 10-5 m2/sec (37.5 ft2/day) (fig. 7). This
hydraulic diffusivity is about twice the value reported by Keller (1985) in
the Dalmeny, Saskatchewan site and about one order of magnitude
larger than the value reported by Van der Kamp and Maathius, 1986
(Table 3). Using the largest specific storage of 1.0 x 1004 m-1 (3.05 x 10°
5 ft1) reported by Van der Kamp and Maathius, 1986 (Table 2) requires a
vertical hydraulic conductivity of 8.33 X 10-9 m/sec (2.36 x 10-3 ft/day)
to yield a hydraulic diffusivity of 8.33 x 10-5 m2/sec (77.5 ft2/day). This
vertical hydraulic conductivity falls into the low end of typical values for
weathered, fractured till (Table 2).

A vertical hydraulic conductivity of 5 x 10-10 m/sec (1.42 x 1074
ft/day) which is typical of a non-weathered, unfraétured till requires a
specific storage of 6.0 x 10-6 m-1 (1.83 x 1076 ft1) to yield a hydraulic
diffusivity of 8.33 x 10-5 m2/sec (77.5 ft2/day). This specific storage is
about two orders of magnitude smaller than the smallest value reported
by Van der Kamp and Maathius (1986) (Table 3). Thus, it appears that
the aquitard response at 2CDD3 is anomalous.

A regression analysis of maximum annual (irrigation season)
aquifer drawdown and aquitard drawdown is shown in figure 8. The
analysis indicates that an instantaneous head change of 0.45 m (1.45 ft.)

over a 100-day period in the Spiritwood aquifer is required to produce a
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head change at 2CDD3, 21.3 m (70 ft.) above the top of the Spiritwood
aquifer. The slope of the regression line is relatively small which
coupled with the relatively small y-intercept indicate an anomalously
large hydraulic diffusivity. Later in this paper, this regression analysis is
compared to that of piezometer nest 132-059-17DCD to support the
anomalous aquitard response at piezometer 133-060-02CDD3.

Water Chemistry

The relative distribution of cations and anions in piezometer nest
133-060-02CDD is shown in figure 9 and the absolute distribution of
cations and anions is shown in figure 10. The shallow undefined sand
(2CDD4) is characterized by a mixed cation, bicarbonate type water with
relatively small dissolved-solids concentrations. The till at piezometer
2CDD3 is characterized by a sodium-sulfate type water; the top of the
Spiritwood aquifer (02CDD?2) is characterized by a sodium-bicarbonate
type water; the bottom of the Spiritwood aquifer (02CDD1) is
characterized by a sodium-mixed anion type with relatively large chloride
concentrations. If the overlying till provides significant recharge to the
Spiritwood aquifer, then the water chemistry in the top of the Spiritwood
aquifer should be similar to that of the overlying till. The till water
(piezometer 2CDD3) is a sulfate type and the top of the Spiritwood
aquifer (piezometer 2CDD2) is a bicarbonate type. In addition, the mean
dissolved-solids concentration of the till water is 959 mg/L and the mean
dissolved-solids concentration of the top of the Spiritwood aquifer is 885
mg/L.

Sulfate decreases about 2 equivalents per million (epm) from
piezometer 2CDD3 to the top of the Spiritwood aquifer (2CDD2) (fig. 10).
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PIEZOMETER NEST 133-060-02CDD
CDD1 S.1.=255-260 Ft. BLS (BASE OF SPIRITWOOD AQUIFER)
CDD2 S.1.=195-200 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)
CDD3 S.1.=117-122 Ft. BLS (TILL)
CDD4 S.1.=26-31 Ft. BLS (UNDEFINED SAND)

Figure 9.- Piper trilinear diagram showing range in water chemistry at piezometer
nest 133-060-02CDD
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cDD2 S..=185-200 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)
cDD3 S.1.=117-122 Ft. BLS (TILL)
CDD4 S..=26-31 Ft. BLS (UNDEFINED SAND)
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If recharge to the Spiritwood aquifer from the overlying till is significant,
then a mechanism must exist to account for decreased sulfate in the top
of the Spiritwood aquifer. Possible mechanisms are gypsum precipitation
or sulfate reduction. Gypsum precipitation is not thermodynamically
plausible because both the deep till (2CDD3) and top of Spiritwood
aquifer (2CDD2) waters are undersaturated with respect to gypsum.
(Table 5).

Sulfate reduction also does not appear to be a sulfate sink
mechanism in the base of the till or in the top of the Spiritwood aquifer.
Sulfate reduction by anaerobic microbes is accompanied by oxidation of
organic compounds which produces CO2. Increased CO2 lowers the pH
causing dissolution of carbonate minerals (calcite and dolomite) which
are ubiquitous in the glacial drift throughout North Dakota. Thus,
ground water should be characterized by very small sulfate
concentrations and large bicarbonate concentrations if sulfate reduction
is occurring near the base of the till or top of the Spiritwood aquifer.
This is not the case for ground water in piezometers 2CDD3 and 2CDD2
(fig. 10).

The decrease in sulfate and dissolved-solids concentrations from
piezometer 2CDD3 to 2CDD2 suggests that the Spiritwood aquifer
receives significant recharge along flow paths that short-circuit the
overlying till/sulfate reservoir. These flow paths probably consist of
localized inhomogeneties in the overlying drift that are characterized by
relatively large transmissivity.

Upward ground-water flow into the bottom of the Spiritwood

aquifer from the underlying bedrock shale (Niobrara Formation) is
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Table 5. - Calcite and gypsum saturation indices for piezometer

nest 133-060-02CDD
SCREENED SAMPLED 4/2/87 SAMPLED 5/4/87 SAMPLED 6/11/87
INTERVAL | | |
PIEZRMETER \FEBLS) | S.. CALCITE | S1 GYPSUMS.L CALCITE SJ. GYPSUM| S.. CALCITE| S.. GYPSUM
| - !
C .
ToR S R IRITWOOD 195-200 0194 | -1.352 0035 | -1.348 0124 | 1382
AQUIFER | | I
{ } !
L) T T
133-051Ql-fECDD3 117122 0.276 : -1.019 0.309 ll -1.010 0.270 : -1.026
| I |
| | I
133-060-02CDD4 63 28 | 1424 0003 | -1.388 0166 | -1.395
UNDEFINED SAND G B I |
! i I

[ S.1 = Saturation Index ]
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inferred at this piezometer nest site by the larger chloride concentration

in piezometer 2CDD1 (figs. 9 and 10).

Piezometer Nest 133-060-36DDD
Water-Level Response

Observation well 133-060-36DDD1 was completed in 1975 during
the Dickey-LaMoure Counties Ground Water Study (Armstrong and
Luttrell, 1978), The well is screened from 64.6 to 65.6 m (212 to 215 ft.)
below land surface in the Spiritwood aquifer. After the casing and screen
were inserted into the drill hole, the well was blown with air to collapse
the formation around the screen and drill cuttings were shoveled into the
annular area. Cement or bentonite grout was not injected into the
annular area of this well.

Piezometers 36DDD2, 36DDD3, and 36DDD5 were completed in
1984. Cement was injected into the annular areas of the piezometers
using 3.18 cm (1 1/4 in.) diameter PVC tremie pipe. Piezometer 36DDD2
is screened from 72 to 73.5 m (236 to 241 ft.) at the base of the
Spiritwood aquiifer, piezometer 36DDD3 is screened from 36.6 to 38.1 m
(120 to 125 ft.) in till, and piezometer 36DDD?5 is screened from 12.2 to
13.7 m (40 to 45 ft.) in till.

Hydrographs of the three piezometers are shown in figure 11.
Water-level elevations decrease with increasing depth indicating
downward ground-water flow. Based on water levels measured in April
22, 1987, the vertical hydraulic gradient between 36DDD5 and 36DDD3
was 0.15 and the vertical hydraulic gradient between 36DDD3 and
36DDD2 was 0.27. The larger gradient between 36DDD3 and 36DDD2
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WATER-LEVEL ELEVATION, IN FEET ABOVE MEAN SEA LEVEL

PIEZOMETER NEST 133-060-36DDD
DDD1 S..=212-215 Ft. BLS (TOP OF SPIRITWOOD AQGUIFER)
DDD2 S..-236-241 Fi. BLS (BASE OF SPIRITWOOD AQUIFER)
DDD3 S.l.=120-125 Ft. BLS (TILL)
DDD5 S.l.=40-45 Ft. BLS (TILL)
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Figure 11.-- Hydrographs showing water levels at piezometer
nest 133-060-36DDD
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was, in part, due to an approximate 1.8 m (6 ft.) residual drawdown in
the Spiritwood aquifer since irrigation development began in 1975.

The hydrographs of piezometers 36DDD1 and 36DDD2 (top and
bottom of the Spiritwood aquifer) are characterized by declining water
levels during the summer and rising water levels during the fall, winter,
and spring. Declining water levels during the summer were the result of
irrigation withdrawals from the Spiritwood aquifer. The pattern of water-
level fluctuations in 36DDD3 was similar to that of 36DDD5. The
upward propagation of the drawdown/recovery cycles in the Spiritwood
aquifer appears minor in piezometer 36DDD3. This suggests a relatively
small till hydraulic diffusivity between 36.6 and 62.2 m (120 and 204 ft.)
below land surface.

The previously described method of Bredehoeft and Hanshaw
(1968) was used to estimate the maximum till hydraulic diffusivity that
would produce zero drawdown at 36DDD3 based on an Hp of 2.4 m (8 ft.)
and a 100-day pumping period. The calculated maximum hydraulic
diffusivity is 5.1 x 106 m2 sec-1 (4.72 ft2/day). This value is about 2.5
times that of the largest value reported by Van der Kamp and Maathius
(1986) (Table 2).

Water Chemistry

The relative distribution of cations and anions in piezometer nest
133-060-36DDD is shown in figure 12 and the absolute distribution of
cations and anions is shown in figure 13. The shallow till (36DDD?5) is
characterized by a mixed cation, sulfate type water and the deeper till is
characterized by a sodium-sulfate type water (ig. 12). Dissolved-solids
concentration in 36DDD5 is 1,390 mg/L and the dissolved-solids
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PIEZOMETER NEST 133-060-36DDD
DDD1 S.1.=212-215 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)
DDD2 S.1.=236-241 Ft. BLS (BASE OF SPIRITWOOD AQUIFER)
DDD3 S.1.=120-125 Ft. BLS (TILL)
DDDS5 S.1.=40-45 Ft. BLS (TILL)

Figure 12.-- Piper trilinear diagram showing range in water chemistry at piezometer
nest 133-060-36DDD
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PIEZOMETER NEST 133-060-36DDD
DDD1 S.1.=212-215 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)
DDD2 S.1.=236-241 Ft. BLS (BASE OF SPIRITWOOD AQUIFER)
DDD3 8S.1.=120-125 Ft. BLS (TILL)
DDD5 S.1.=40-45 Ft. BLS (TILL)
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Figure 13.-- Schoeller diagram showing concentrations of
ions at piezometer nest 133-060-36DDD
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concentration in 36DDD3 is 1,110 mg/L (sample date: 5/2/85). Water
from 36DDD3 has 3.49 epm less calcium, 5.10 epm less magnesium,
3.05 epm more sodium, 3.33 epm less sulfate, and 2.25 epm less
bicarbonate. The change in water chemistry from 36DDD5 to 36DDD3
negates significant vertical ground-water flow between these two points.
Cation exchange on clay can account for a 3.05 epm decline in calcium
plus magnesium. This still leaves 5.54 epm calcium plus magnesium.
Water from both 36DDD5 and 36DDD3 is oversaturated with respect to
calcite indicating that calcite precipitation is thermodynamically
plausible (Table 6). If one assumes 2.25 epm carbonate precipitation
(decrease in bicarbonate from 36DDD5 to 36DDD3) this still leaves 3.29
excess calcium plus magnesium which is almost equal to the decrease in
sulfate (3.33 epm) from 36DDD5 to 36DDD3. Precipitation of a
calcium/magnesium sulfate mineral is required to account for the
remaining decrease in calcium, magnesium, and sulfate. Water from
both 36DDD5 and 36DDD3 is undersaturated with respect to gypsum
(Table 6). Thus, calcium sulfate (gypsum) precipitation is not
thermodynamically plausible. Other sulfate species (mirabilite, epsomite,
etc.) are much more soluble than gypsum and as a result, precipitation
of these sulfate species also is not thermo-dynamically plausible.

The decrease in sulfate from 36DDD5 to 36DDDS3 could be caused
by sulfate reduction. However, as previously mentioned, in the presence
of carbonate species sulfate reduction is accompanied by increased
bicarbonate. Bicarbonate concentration, however, decreases from
36DDD5 to 36DDD3.

The difference in water chemistry from 36DDD5 to 36DDD3 may

indicate the occurrence to two distinct flow systems (fig. 14). Piezometer
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Table 6. - Calcite and gypsum saturation indices for piezometer

nest 133-060-36DDD

SCREENED SAMPLED /2687 SAMPLED 5/4/87 SAMPLEIIJ 6/11/87
PIEZOMETER "::ngxg" S.1. CALCITE | S.. —— CALCITE: S.I. GYPSUM | S.1. CALCITE | S.1. GYPSUM
| | I
133-060-36DDD2
BOTTOM OF SPIRITWOOD| 236241 0.249 : “1.544 0.276 : 1:547 0.260 : “1.591
AQUIFER | ‘. ,
|
133-060-36DDD3 120-125 0.426 ! -0.933 0.290 : -0.956 0367 | -0.923
Bk | | |
I | T
133-060-36DDD5 40-45 0202 | -0.700 0288 | -0.714 0075 | 0656
TILL i ! {

[ S.1. = Saturation index ]
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36DDD5 may be completed in a shallow, poorly flushed flow cell in an
"unleached" setting in the till (Fortin, and others, 1991). Piezometer
36DDD3 may be completed along a flow path originating at the water
table in a "leached" setting where recharge is relatively large and the
oxidized till/sulfate reservoir is well flushed (Fortin and others (1991).
The smaller vertical hydraulic gradient between 36DDD5 and 36DDD3 as
compared to that between 36DDD3 and 36DDD1 also suggests that
DDDS5 is located in an upper flow cell which maybe influenced to a
greater degree by lateral flow-components (fig. 14).

The water chemistry in 36DDD1 and 2 (top and bottom of the
Spiritwood aquifer, respectively) is a mixed cation to a sodium-
bicarbonate type (fig. 12). Hydrochemical stratification is minor from top
to bottom in the Spiritwood aquifer in this area.

The difference in hydrochemical facies between the deep till
(36DDD3) and the top (36DDD1) and bottom (36DDD?2) of the Spiritwood
aquifer indicates downward movement of water through the till matrix
into the Spiritwood aquifer is relatively minor in this area. From
36DDD3 to 36DDD1, sulfate decreases 7.7 epm. Neither gypsum
precipitation (Table 6) or sulfate reduction is a plausible mechanism to
account for the decreased sulfate.

Piezometer nest 133-060-36DDD is located about 1.6 km (1 mi.)
south, southeast of an area where recharge to the Spiritwood aquifer
through the overlying drift is relatively large (Shaver, 1984). The
recharge area is a topographic upland comprised of surficial sand
underlain by unoxidized till. In this area, the importance of the
till /sulfate reservoir is diminished because the water table occurs within

the overlying sand and the underlying till remains unoxidized. Test
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drilling also indicates that highly transmissive fluvial units occur
throughout the overlying drift in this area and may enhance recharge
downward to the underlying Spiritwood aquifer (Shaver, 1984, test hole

133-060-27DDD).
It is apparent from the spatial distribution of hydrochemical

patterns at 133-060-36DDD that the recharge area located about 1.6 km
(1 mi.) up gradient locally dominates the ground-water flow system in the
Spiritwood aquifer. Recharge to the Spiritwood aquifer upward through
the underlying bedrock shale and downward through the overlying till is

relatively minor in this area.

Piezometer nest 132-059-17DCD

Water-Level Response

Piezometer 132-059-17DCD] is screened from 57.3 to 58.8 m (188
to 193 ft.) below land surface in the bottom one-third of the Spiritwood
aquifer, piezometer 17DCD2 is screened from 34.8 to 36.3 m (114 to 119
ft.) in till with thin sand and gravel layers, and piezometer 17DCD3 is
screened from 17.7 to 19.2 m (58 to 63 ft.) in an undefined sand.

Hydrographs of the three piezometers are shown in figure 15.
Water-level elevations decrease with increasing depth indicating
downward ground-water flow. Based on water levels measured on April
22, 1987, the vertical hydraulic gradient between 17DCD3 and 17DCD2
was 0.14 and the vertical hydraulic gradient between 17DCD2 and
17DCD1 was 0.18. These vertical gradients are on the lower end of
reported values in non-weathered tills (Table 4).

The hydrographs of all three piezometers were characterized by

declining water levels during the summer and rising water levels during
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PIEZOMETER NEST 132-059-17DCD
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the fall, winter, and spring. Declining water levels during the summer in
piezometers 17DCD1 were the result of irrigation withdrawals from the
Spiritwood aquifer. The pattern of water-level fluctuations in 17DCD2
and to a lesser extent DCD3 are similar to those of 17DCD]1, indicating
upward propagation of drawdown and recovery into the till and
undefined sand. The summer drawdown periods in 17DCD3 probably
resulted from natural ground-water discharge at or near land surface
and upward propagation of drawdown caused by irrigation pumping in
the Spiritwood aquifer. Note that the magnitude of fall and winter
recovery in 17DCD3 was much more subdued than that shown in
17DCD2. The magnitude of spring recovery in DCD3 is greater than that
shown in 17DCD2. Both trends suggest that 17DCD3 was more
responsive to surface and near surface recharge and discharge
processes.

The previously described method of Bredehoeft and Hanshaw
(1968) was used to estimate aquitard hydraulic diffusivity using water-
level response in piezometer 17DCD2 (till) and piezometer 17DCD1
(bottom one-third of Spiritwood aquifer). The 1983 summer irrigation
season was selected to apply this method because drawdown was
relatively large in both piezometers. It was assumed that the maximum
irrigation season drawdown 9.32 m (30.56 ft.) occurred as an
"instantaneous" step drawdown (Hop) at time t = O (beginning of irrigation
season). In reality the maximum drawdown 9.32 m (30.56 ft.) was not
instantaneous as shown by the water-level hydrograph of piezometer
17DCD1 (fig.15). A more realistic Hpo would be smaller than 9.32 m
(30.56 ft). Using a larger Hg yields a more conservative (smaller) value of

hydraulic diffusivity.
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The calculated drawdown profile in the till aquitard above the
Spiritwood aquifer at 132-039-17DCD is shown in figure 16. The actual
maximum drawdown measured at piezometer 17DCD2 was 3.26 m
(10.70 ft.) and was approximated analytically using a hydraulic
diffusivity of 9.3 x 106 m2/sec (8.75 ft.2 day) (fig. 16). This hydraulic
diffusivity is about 4.5 times the largest value in the range of hydraulic
diffusivity reported by Van der Kamp and Maathius, (1986) (Table 3).
The geologic log of 17CDD1 (Appendix I) indicates numerous sand and
gravel layers in the till between 37.2 and 41.8 m (122 and 137 ft). The
specific storage of this till interval would be smaller due to the
occurrence of sand and gravel layers. In addition, if the sand and gravel
layers are hydraulically connected, the vertical hydraulic conductivity
would be larger. The combination of a larger hydraulic conductivity and
a smaller specific storage could account for the above normal till
hydraulic diffusivity calculated at this piezometer nest site.

A regression analysis of maximum annual (irrigation season)
aquifer drawdown and aquitard drawdown is shown in figure 17. The
analysis indicates that an instantaneous head change of at least 1.88 m
(6.16 ft.) over a 100-day period in the Spiritwood aquifer is required to
produce a head change at 17DCD2, 11.3 m (37 ft.) above the top of the
Spiritwood aquifer.

The slope and y-intercept of the regression equation in figure 17
(piezometer nest 132-059-17DCD) are larger than those of the regression
equation in figure 8 (piezometer nest 133-060-02CDD). This supports
the anomalously large hydraulic diffusivity calculated at 133-060-
02CDD. However, lithologic data at both piezometer nest sites suggests
that the till hydraulic diffusivity at 133-060-02CDD should be
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Figure 17.--

MAXIMUM ANNUAL AQUITARD (TILL) DRAWDOWN, IN FEET,
MEASURED IN PIEZOMETER 132-059-17DCD2

Regression analysis of measured drawdown response

in the Spiritwood aquifer and overlying till at
piezometer nest 132-059-17DCD
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significantly less than that at 132-059-17DCD. The till at 133-060-
02CDD, between 36.6 and 58.5 m (120 and 192 ft.) contains significantly
fewer sand and gravel layers as compared to the till between 34.8 and
47.6 m (114 and 156 ft.) at 132-059-17DCD. The large apparent
drawdown in the till at 133-060-02CDD3 and associated large apparent
hydraulic diffusivity probably are the result of an ineffective annular seal
for observation well 133-060-02CDD1. As previously mentioned,
cement/bentonite grout was not injected into the annular area of this
well. This open annular area may act as a large-transmissivity conduit
that short circuits the till between piezometers 2CDD2 and 2CDD3.
Observation well 133-060-02CDD1 should be reamed and re-drilled, and
a piezometer should be installed in the same hole with a proper annular

seal.

Water Chemistry

The relative distribution of cations and anions in piezometer nest
1323-059-17DCD is shown in figure 18, and the absolute distribution of
cations and anions is shown in figure 19. Water in the upper, undefined
sand (17DCD3) is a calcium-bicarbonate type with a mean-dissolved
solids concentration of 631 mg/L (20 analyses). This hydrochemical
facies is typical of shallow, glaciofluvial aquifers in Dickey, LaMoure, and
Sargent Counties (Shaver, 1984; Shaver and Schuh, 1990).

The till at piezometer 17DCD2 is characterized by a mixed cation,
bicarbonate type water with a mean dissolved-solids concentration of 796
mg/L (fig. 18). Dissolved-solids concentrations in this well are smaller
than those associated with the deep till wells in piezometer nests 133-

060-02CDD (CDD3) and 133-060-36DDD (DDD3). The deep till wells at
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PIEZOMETER NEST 132-059-17DCD
DCD1 $.1.=188-192 Ft. BLS (BOTTOM 1/3 OF SPIRITWOOD AQUIFER)
DCD2 $.1.=114-119 Ft. BLS (TILL WITH SAND AND GRAVEL LAYERS)
DCD3 S.1.=58-63 Ft. BLS (UNDEFINED SAND)

Figure 18.-- Piper trilinear diagram showing range in water chemistry at piezometer
nest 132-059-17DCD
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Figure 19.-- Schoeller diagram showing concentrations of
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02CDD3 and 36DDDS3 have larger sodium and sulfate concentrations
than 17DCD2. In addition, the till wells at 02CDD3 and 36DDD3 are
sulfate type waters. Except for the large difference in sodium between
17DCD2 and 17DCD3, the water chemistries are similar. Increased
sodium from 17DCC1 to 17DCD2 may be due to cation exchange of
calcium for sodium in the clays in the clayey silts and/or till. The fact
that calcium concentrations are about the same in both piezometers does
not negate cation exchange. Removal of calcium from solution during
the exchange process can cause the solution to be undersaturated with
respect to calcite. As a result, calcite, which is ubiquitous in the drift,
may dissolve until saturation is attained. Calcite saturation is indicated
by the saturation indices shown in Table 7. The increase in sulfate from
17DCD1 to 17DCD2 may be due to gypsum dissolution. Gypsum
dissolution is thermodynamically plausible as indicated by the saturation
indices in Table 7.

Unfortunately, a piezometer was not installed at the top of the
Spiritwood aquifer at this nest site to compare water chemistry with that
in the overlying till. Construction of a piezometer at the top of the
Spiritwood Aquifer is planned for the 1994 field season.

The bottom one-third of the Spiritwood aquifer (17DCD1) is
characterized by a sodium-bicarbonate type water with a mean dissolved-
solids concentration of 899 mg/L (fig.18). The large sodium and chloride
concentrations probably reflect upward movement of ground water into
the bottom of the Spiritwood aquifer from the underlying Niobrara shale.

The occurrence of sandy, clayey, silts and numerous sand and
gravel layers in the till at this nest site indicate a potential for more rapid

downward ground-water movement to the Spiritwood aquifer. Both
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Table 7. -- Calcite and gypsum saturation indices for piezometer
nest 132-059-17DCD

UNDEFINED SAND

SCREENED SAMPLED 4/2/87 SAMPLED 5/4/87 SAMPLEII) 6/11/87
INTERVA !
PIEZOMETER (Ft. B_L§)L S.I. CALCITE | S.I. GYPSUM|S.l. CALCITE ; S.I. GYPSUM | S.I. CALCITE | S.I. GYPSUM
] | |
132-059-17DCD1
BOTTOM 1/3 OF 188-193 -0.698* : -1.666 o122 | -1.648 0.185 : -1.648
SPIRITWOOD AQUIFER ‘ ,' !
T T ¥
132-059-17DCD2 .| l l
TILL WITH SAND and Tigere 0.353" | -1.146 0029 | -1.088 0.029 | -1.088
GRAVEL LAYERS | l I
| I ]
132-059-17DCD3 58-63 0.252* : -1.234 -0.095 } -1.241 0.065 : -1.246
| ! ]

[ * possible pH meter malfunction and/or faulty pH reading]
[ S.l. = Saturation Index ]
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drawdown response and minor differences in water chemistry at
piezometers 17DCD2 and 17DCD3 support relatively rapid downward

ground-water movement.

Piezometer nest 132-059-27CDC
Water-Level Response

Piezometer 131-059-27CDCl1 is screened from 63.7 to 65.2 m (209
to 214 ft.) below land surface in the base of the Spiritwood aquifer,
piezometer 27CDC2 is screened from 32.0 to 33.5 m (105 to 110 ft.) in
the till, and piezometer 27CDC3 is screened from 45.7 to 47.3 m (150 to
155 ft.) in the top of the Spiritwood aquifer. Observation well 132-059-
27CDD is screened in surficial Bear Creek valley alluvium (sand and
gravel) about one-quarter of a mile east of piezometer nest 132-057-
27CDC.

Hydrographs of the three piezometers are shown in figure 20.
Water levels decreased with increasing depth through the till to the top of
the Spiritwood aquifer. The water level in piezometer 27CDC3 (top of
Spiritwood aquifer) generally was between 0.03 and 0.05 feet higher than
that measured in piezometer 27CDC1 (bottom of Spiritwood aquifer).
This head difference was within measurement and survey elevation error.
Based on water levels measured on April 22, 1987, the vertical hydraulic
gradient between 27CDC2 and 27CDC3 was 0.33, which is somewhat
below the mid-range of values of non-weathered till shown in Table 4.

The hydrographs of piezometers 27CDC1 and 27CDC3 were
characterized by declining water levels during the summer and rising
water levels during the fall, winter and spring. Declining water levels

during the summer were the result of irrigation withdrawals from the
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Figure 20.-- Hydrographs showing water levels at piezometer
nest 132-053-27CDC
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Spiritwood aquifer. The pattern of water-level fluctuation in 27CDC2 (till)
was very different from that in piezometers 27CDC1 and 27CDC3
(Spiritwood aquifer). The upward propagation of the drawdown/recovery
cycles in the Spiritwood aquifer was not evident in piezometer 27CDC2.
This suggests a relatively small till hydraulic diffusivity between 32.0 and
44.8 m (105 and 147 ft.) below land surface.

The previously described method of Bredehoeft and Hanshaw
(1968) was used to estimate the maximum till hydraulic diffusivity that
would produce zero drawdown at 27CDC2 based on an Hp of 11.9 m (39
ft.) and a 100-day pumping period. The calculated maximum hydraulic
diffusivity is about 1.0 x 10-6 m2/sec. (0.93 ft2/day). This value is close
to the upper limit of values reported by Van der Kamp and Maathius
(1986).

Water Chemistry

The relative distribution of cations and anions in piezometer nest
132-059-27CDC and observation well 132-059-27CDD are shown in
figures 21 and 22. The bottom of the Spiritwood aquifer (27CDC1) is
characterized by a sodium-mixed anion type water with relatively large
chloride concentrations. Sodium, and chloride occur in larger
concentrations in piezometer 27CDC1 as compared with other
piezometers in this nest. Ground water from the Niobrara Shale is a
sodium-chloride-bicarbonate type (Shaver, 1984). The large sodium and
chloride concentrations in piezometer 27CDC1 suggest upward
movement of ground water into the bottom of the Spiritwood aquifer from

the underlying Niobrara Shale.
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PIEZOMETER NEST 132-059-27CDC
CDC1 S.1.=209-214 Ft. BLS (BASE OF SPIRITWOOD AQUIFER)
CDC2 S.1.=105-110 Ft. BLS (TILL)
CDC3 150-155 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)
CDD S.l.= 49-54 Ft. BLS (BEAR CREEK VALLEY ALLUVIUM)

Figure 21.-- Piper trilinear diagram showing range in water chemistry at piezometer
nest 132-059-27CDC and observation well 132-059-27CDD
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PIEZOMETER NEST 132-059-27CDC
CDC1 S.1.=209-214 Fi. BLS (BASE OF SPIRITWOOD AQUIFER)
CDC2 S.1.=105-110 Ft. BLS (TILL)
CDC3 S.1.=150-155 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)
CDD S.1.=49-54 Ft. BLS (BEAR CREEK VALLEY ALLUVIUM)
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Figure 22.-- Schoeller diagram showing concentrations of selected
ions at piezometer nest 132-059-27CDC
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The top of the Spiritwood aquifer (27CDC3) is characterized by a
sodium-bicarbonate type water. Both relative and absolute chloride are
larger as compared to the top of the Spiritwood aquifer at other nest
sites. Chloride diffusion from the bottom to the top of the Spiritwood
aquifer at this nest site probably is the source of the relatively large
chloride concentration at the top of the Spiritwood aquifer. Advection is
not considered likely because the vertical hydraulic gradient, although
very small, is downward from top to bottom in the Spiritwood aquifer at
this nest site.

The till at 27CDC2 overlying the Spiritwood aquifer is characterized
by a sodium-bicarbonate type water (fig. 21). Sodium concentration is
larger than that in piezometer 27 CDC3. Chloride concentration is about
the same as that in piezometer 27CDC3. The chloride concentration in
27CDC?2 is larger than that associated with other till piezometers at
equivalent depths in the study area. This trend coupled with the
direction of the hydraulic gradient between 27CDC3 and 27CDC2
indicate upward ground-water flow between these two piezometers.

Piezometer nest 132-059-27CDC is located about one-fourth mile
east of Bear Creek. The elevation of Bear Creek, due west of 27CDC, is
about 1290 feet above mean sea level. The potentiometric surface of the
Spiritwood aquifer at 27CDC is about 1325 feet above mean sea level.
Thus, Bear Creek represents a local discharge area to the Spiritwood
aquifer (Shaver, 1984). Discharge to Bear Creek probably is small in
relation to recharge from spring snowmelt and runoff. The Bear Creek
valley alluvium at 27CDD is characterized by a mixed cation-bicarbonate
type water with a mean dissolved-solids concentration (20 samples) of

582 mg/L. Chloride concentration is less than that in the till and top of
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the Spiritwood aquifer at piezometer nest 27CDC. The difference in
water chemistry between Bear Creek valley alluvium and the till and top
of the Spiritwood aquifer indicates that upward flow into Bear Creek

valley from the underlying till is small.

Piezometer Nest 131-059-05BAA
Water-Level Response

Piezometer nest 131-059-05BAA3 was completed in 1982. Cement
was injected into the annular areas of the piezometers using tremie
pipes. Piezometer BAA1 is screened from 50.6 to 52.1 m (166 to 171 ft.)
in the bottom one-third of the Spiritwood aquifer (which includes the
cobbly, sand and gravel interbedded with clay or till); piezometer 5BAA2
is screened from 29.9 to 31.4 m (98 to 103 ft.) in till; and piezometer
5BAAS3 is screened from 15.9 to 17.4 m (52 to 57 ft.)' in a layer of very
fine to medium sand.

Hydrographs of the three piezometers are shown in figure 23.
Water-level elevations decrease with increasing depth indicating
downward ground-water flow. The vertical hydraulic gradient measured
on 4/87 between 05BAA2 and 05BAAS3 was 0.03. These values are
typical of vertical hydraulic gradients reported for fractured, weathered
tills, generally less than 25 feet deep (Table 4). The pattern of water-level
fluctuations in 5BAA2 and 5BAA3 are almost the same. The small
vertical hydraulic gradient coupled with the similar pattern of water-level
response suggest a hydraulic "short circuit” possibly caused by a faulty
(leaky) annular well seal. The vertical hydraulic gradient measured on
4/87 between 5BAA2 and 5BAA1 ranged from 0.21 to 0.32. The smaller
value (0.21) was calculated by adding 1.8 m (6 ft.) to the measured water
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Figure 23.-- Hydrographs showing water levels at piezometer
nest 131-059-05BAA
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level in BAA1. The Spiritwood aquifer in this area has about 1.8 m (6 ft.)
of residual drawdown since irrigation development began in 1975.

The hydrograph of piezometer 05BAAL1 (Spiritwood aquifer) is
characterized by declining water levels during the summer and rising
water levels during the fall, winter, and spring. Declining water levels
during the summer were the result of irrigation withdrawals from the
Spiritwood aquifer. Till hydraulic diffusivity between the top of the
Spiritwood aquifer and piezometer 5BAA2, based on water-level response
in 5BAA2 was not considered valid because of the inferred leak in well
annular area seals.

Water Chemistry

The relative distribution of cations and anions from water samples
in piezometer nest 131-059-05BAA is shown in figure 24 and the
absolute distribution of cations and anions is shown in figure 25. The
upper, undefined sand (5BAAS3) is characterized by a mixed cation-
bicarbonate type water, with a mean dissolved-solids concentration (17
samples) of 486 mg/L. The deeper till (BAA2) is characterized by a
sodium-bicarbonate type water with a mean dissolved-solid
concentration of 1,011 mg/L. The base of the Spiritwood aquifer (BAA1)
is characterized by a sodium-bicarbonate type water with a mean
dissolved-solids concentration of 795 mg/L.

The difference in water chemistry between piezometers 5BAA2 and
5BAA3 does not support an annular area/hydraulic "short circuit”
between piezometers 5BAA2 and 5BAA3. The water chemistry of the
deeper till (5BAA2) is similar to that in other deeper till piezometers that

are characterized by smaller hydraulic diffusivities (i.e. drawdown/
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PIEZOMETER NEST 131-059-05BAA
BAA1 S..=166-171 Ft. BLS (BASE OF SPIRITWOOD AQUIFER)
BAA2 S.1.=98-103 Ft. BLS (TILL)
BAA3 S.1.=52-57 Ft. BLS (UNDEFINED SAND)

Figure 24.- Piper trilinear diagram showing range in water chemistry at piezometer
nest 131-059-05BAA
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recovery in Spiritwood aquifer does not propagate upward into these till
piezometers).

The difference in water chemistry between piezometers 5BAA2 (till)
and 5BAA3 (bottom of Spiritwood aquifer) indicate that recharge to the
Spiritwood aquifer from the overlying till at this site is relatively minor.
From 5BAA2 to 5BAA1, dissolved solids concentrations decrease from
about 1,011 mg/L to 795 mg/L. Both sodium and sulfate significantly
decrease in concentration from 5BAA2 to 5BAAL (fig. 25). Sinks for
sodium and sulfate are not thermodynamically plausible (Table 8). As
with other nest sites, sulfate reduction also is not considered plausible.
At this site, the lower salinity water of the Spiritwood aquifer probably
reflects the dominance of downward ground-water flow through
relatively highly transmissive inhomogeneities in the overlying drift up-

gradient from this piezometer nest.

Piezometer Nest 131-058-20DDD

Water-Level Response

Piezometer nest 131-058-20DDD was completed in the fall of 1989.
Powdered bentonite, mixed with water to form a slurry, was injected into
the annular areas of each piezometer to form a seal. Piezometer 20DDD1
is screened from 46.3 to 47.9 m (152 to 157 ft.) below land surface in the
top of the Spiritwood aquifer, piezometer 20DDD2 is screened from 29.9
to 31.4 m (98 to 103 ft.) below land surface in till, and piezometer
20DDD3 is screened from 16.8 to 18.3 m (55 to 60 ft.) in an undefined
esker comprised of sand and gravel.

Hydrographs of the three piezometers are shown in figure 26.

During the spring, the water-level elevation in piezometer 20DDD3 was
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Table 8. — Calcite and gypsum saturation indices for piezometer
nest 131-059-05BAA

SCREENED SAMPLEID a/2/87 SAMPLED 5/13/87 SAMPLEll) 6/10/87
INTERVAL [
PIEZOMETER (ELBLS) S.I. CALCITE| S.I. vasumls.l. CALCITE, S.I. GYPSUM| S.I. CALCITE| S.I. GYPSUM
I | |
131-059-05BAA1
BOTTOM OF 166-171 0.204 : -1.580 0117 | -1.614 0212 | -1.610
SPIRITWOOD AQUIFER | ! !
T T T
131-059-05BAA2 98-103 0.243 : -1.343 0.034 : -1.363 0.278 ; -1.360
TILL
| [ l
l | T
131-059-05BAA3 52.57 0256 | -1.936 0249 | .1.950 0375 | .1.907
UNDEFINED SAND : I I
}

[ S.I. = Saturation Index ]
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WATER-LEVEL ELEVATION, IN FEET ABOVE MEAN SEA LEVEL

PIEZOMETER NEST 131-058-20DDD
DDD1 S..=166-171 Ft. BLS (TOP OF SPIRITWOOD AQUIFER)

DDD2 S.1.=98-103 Ft.

BLS (TILL)

DDD3 S.1.=55-60 Ft. BLS (UNDEFINED SAND)

1 ] [ I 1 1
1310 | | —+—— 13105820DDD1 i
—a— 13105820DDD2
"| —oe—— 13105820DDD3 7
1305
1300
1295
1290 V
1 1 [ 1 ] [ [ 1 1 ] { { i i 1 ] [ [ 1 [l
1285
1990 1991
YEAR
Figure 26.-- Hydrographs showing water levels at piezometer

nest 131-058-20DDD
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slightly higher than that in piezometer 20DDD2, indicating downward
ground-water flow. During the summer, fall, and winter, the water-level
elevation in piezometer 20DDD3 fell below that of piezometer 20DDD2
indicating upward ground-water flow. The maximum downward vertical
hydraulic gradient was 0.028 measured on August 11, 1991 and the
maximum upward vertical hydraulic gradient measured on April 6, 1991
was 0.024. These values fall within the range of hydraulic gradients
reported for weathered, fractured tills less than about 15.2 m (50 ft.)
deep. The change in direction of vertical hydraulic gradient between the
two piezometers coupled with the relatively small absolute values of
hydraulic gradient suggest that the volume of downward and upward
ground-water flow through the till interval between 18.9 and 30.5 m (62
and 100 ft.) is small.

During the spring, the water-level elevation in piezometer 20DDD1
was slightly higher than that in piezometer 20DDD2 indicating upward
ground-water flow. During the summer, when pumping for irrigation
begins, the water-level elevation in piezometer 20DDD1 fell well below
that in piezometer 20DDD2 indicating downward ground-water flow.
Prior to irrigation development in the mid 1970s the water-level elevation
in the Spiritwood aquifer probably was consistently above those in
piezometers 20DDD2 and 20DDD3, indicating upward ground-water
flow.

The drawdown/recovery cycles in 20DDD1 (Spiritwood aquifer)
caused by irrigation pumping did not propagate upward to any
significant degree in piezometer 20DDD2 (till). The previously described
method of Bredehoeft and Hanshaw (1968) was used to estimate the

maximum till hydraulic diffusivity that would produce zero drawdown at
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20DDD2 based on an Hp of 5.6 m (18.5 ft.) and a 100-day pumping
period. The calculated maximum hydraulic diffusivity is 1.7 x 106
m2/sec (1.58 ft2/day). This value is just above the high end of the range
in values reported by Van der Kamp and Maathius (1986) (Table 3).

Water Chemistry

The relative distribution of cations and anions in piezometer nest
131-058-20DDD is shown in figure 27 and the absolute distribution of
cations and anions is shown in figure 28. The surficial, eskerine sand
and gravel (20DDD3) is characterized by a mixed cation-bicarbonate type
water with a dissolved-solids concentration of 667 mg/L. The till at
20DDD2 is characterized by a sodium-sulfate-bicarbonate type water
with a dissolved solids concentration of 1080 mg/L. The top of the
Spiritwood aquifer is characterized by a sodium-bicarbonate type water
with a dissolved-solids concentration of 602 mg/L.

The difference in hydrochemical facies between the till (20DDDZ2)
and the top of the Spiritwood aquifer (20DDD 1) indicates downward
movement of water