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Introduction

The dgallala aquifer represents the most important water resource for western
Kansas. In 1988, 98.3 % of the water being withdrawn was used for irrigat.ion; compared
to this amount, domestic, municipal, and industrial usages are only of minor importance.
Because the irrigated agricultural economy is solely dependent on Ogallala ground water,
declining water levels due to advanced irrigation techniques since the 1960's are of serious
concern. Basically, the Ogallala aquifer is being mined; with an average annual precipitation
of about 460 mm to 580 mm, recharge is estimated to be only 4 mm/year to 14 mm/year
(O'Connor & McClain, 1982). These recharge values are based on actual water level
declines and model predictions.

The intent of the presented research was to determine: 1) at what rate is the Ogallala
aquifer potentially being recharged; and 2) how important are intermittent streams, playa-
like structures and lineaments for contributing recharge to the Ogallala aquifer? For this
purpose an attempt was made to date the ground water and the soil water in the unsaturated
zone and thus be able to distinguish between older and younger waters. Several different
approaches were tried to determine the best suitable dating methods: tritium, the stable
isotopes oxygen-18 and deuterium, freon, atrazine, nimrate, and standard inorganic
chemistry. In addition, one well was sampled for carbon-14. The combination of the
isotopes with the standard inorganic chemistry, especially nitrate clearly worked best for
identifying recent recharge.

The project was started in November 1987 and divided into two phases. Phase 1
concerned the establishment of the most suitable analytical method to date the Ogallala
ground water, and phase 2 expanded the sampling net and, based on the results of phase 1,
concentrated more on the unsaturated zone.

The chosen study area is more or less outlined by Northwest Kansas Groundwater

Management District 4 (Fig. 1).
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Except for one site, all monitoring well sites are located close to lineaments. which
were mapped‘from satellite imagery (McCauley, 1988). Three of the 11 research sites are
located in the vicinity of intermittent streams, and one site is located in a playa-like
structure.

A total of 15 wells, eight of which were installed as monitoring wells by the Kansas
Geological Survey have been sampled throughout the study. Ground water samples were
taken in November 1987 and analyzed for standard inorganic chemistry, tritium, stable
isotopes, freon, and atrazine. In August 1989 and November 1989 only samples for
standard inorganic analyses were collected. A carbon -14 age determination was performed
on one ground water sample.

Soil water from three lysimeters was collected frequently from December 1988 to
November 1989 for standard inorganic chemistry analyses, whereas tritium and stable
isotope analyses were performed once. One lysimeter was sampled for tritium in three
different months, March, June, and November 19§9.

At three sites soil cores were taken and tritium content, particle size, calcium
carbonate content, nitrate, atrazine (spot check), moisture, and porosity were determined.
However, it was not possible to analyze consistently all the cores taken for these
parameters.

A precipitation sample was collected in November 1987 and subsequently analyzed
for tritium, stable isotopes, and freon. An additional precipitation samples was collected i
October 1989 and analyzed for tritium only.

A stream sample was collected in March 1989 and tritium. stable isotope, and
inorganic chemistry analyses were performed.

A tritium input function based on data compiled by the International Atomic Energy
Agency was established for the study area to estimate the theoretical tritium input via
precipitation over the last 36 years. Thus it became possible to predict the order of

magnitude of the tritium concentration left in 1989 after radioactive decay in either the
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unsaturated or the saturated zone from the emissions in 1961/62 and to compare the
theoretical value with actual field daa.

The rate of vertical movement of soil moisture through the thick loess cover in the
unsaturated zone was determined as well as the amount of precipitation that entered the
unsaturated zone as recharge during the period from 1962 to 1989.

A differentiation between older and younger ground water in the Ogallala aquifer
was possible and thus potential site specific rates of vertical flow in the unsaturated zone

could be determined.
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Chapter 1

Climate
Several factors influence the climate in Kansas:
1. Location
The state of Kansas is located between 37° N and 40° N latitude,
approximately on the same latitude as Sicily. In summer the inclination of the earth on its
axis causes the incoming radiation to be considerable, whereas in winter the sun’s rays are
more oblique and distributed over a wider surface. The longer daylight hours in the
summer support the accumulation of heat during this season.
2. Land/water ratio
The closest water body to Kansas is the Gulf of Mexico, more than 5800
airline kilometers to the south. The climate in Kansas is thus continental, with great
temperature differences between summer and winter.
3. Westerlies and jet stream
The state lies in the zone of the prevailing westerlies which can account for
tornadoes in the summer and blizzards during the winter. The position of the jet stream, a
fast moving stream of eastward moving air within the high westerlies, represents another
climatic factor. It is associated with large arctic air masses that at times move out of the
polar regions.
4. Altitude
Elevation in Kansas ranges from 1227 m in western Kansas to 213 m above
sea level in southeast Kansas. The highest point is Mount Sunflower in western Kansas
with 1227 m above sea level. The total relief in Kansas is 1014 m, rising gently from east
to west at about 3 m per 1.6 km (Self, 1987). Climate differences are associated with the
change in elevation, temperatures change at an average rate of 2° C per 305 m elevation.
Temperatures in Kansas can drop very suddenly in only a few hours. The lack of

mountain ranges within the state allows weather systems to move in and pass very quickly.



6

Three climatic types can be distinguished in Kansas (fig. 2): humid subtropical,
temperate continental (warm summer subtype), and middle latitude steppe (semiarid)
(Trewartha et al., 1967). The study area belongs to the mid-latitude steppe climate type.
Precipitation is sparse because winds from the Pacific Ocean lose most of their moisture in
the Rocky Mountains before reaching Kansas. Moisture from the Golf of Mexico seldom
_ reaches western Kansas because of the great distance between these two areas and the
deflection of air masses to the east rather than to the west over the midcontinent.

Fig. 3 shows the distribution of precipitation over Kansas. Fig. 4 shows the
location of weather stations in the study area and in Decatur County.

Fig. 5 depicts the annual precipitation and annual air temperature from 1958 to
1988 for three stations in the study area and another station in Decatur County. It is
obvious that the precipitation increases from west to east in the study area. The
northernmost station in Decatur County shows the highest amount of precipitadon. The
average temperatures vary according to altitude. Goodland and Colby are located on a
higher elevation than Hoxie and Oberlin. Hoxie shows the lowest elevation and the highest
temperature.

Fig. 6 depicts average monthly precipitation for the time period from 1958 to 1988
for the weather stations within the study area. The westernmost station in Goodland shows
the lowest precipitation values, except for January and December. Higher precipitation in
these months is probably due to more snowfall in that area compared to Colby and Hoxie,
caused by higher elevations and a more westerly location. Snowstorms generally move in
from the west into Kansas.

The easternmost station, Hoxie, shows the highest precipitation values except for
June and July when Colby receives more rain.

Generally, the trend for precipitation in the study area is that of a decrease toward

the west,
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Most of the precipitation falls during the summer months from May to August,
however, eva;;oraﬁon greatly exceeds the amount of precipitation in the summer. High
temperatures and brisk wind movement combined with the overall semiarid climate cause
the high evapofatidh rate.

Fig. 7 shows average monthly precipitation from 1958 to 1988 and average
monthly evaporation from April to Septen=ber for the same time frame at the Colby station.
Evaporation data are available only for this one station and only for a six months period.
Frosts occurring from October to March prevent the collection of average monthly
evaporation data for these months.

Evaporation exceeds precipitation by up to 400%;, thus the necessity of irrigation
for agriculture becomes obvious. Fig. 8 depicts the average monthly precipitation from
1963 to 1988 recorded at the Hoxie weather station and the average monthly evaporation
for the same time period at the Colby weather station.

Recharge to the Ogallala aquifer 1s, based on figs. 7 and &, is non-existent during
the summer months.

Fig. 9 shows the average monthly air temperature in Colby from 1958 to 1988. The
coldest month is January with an average air tempcratﬁre of -3.7 °C, the hottest month is
July with 24.5 °C on the average. The mean average air temperature for the 31 year period
is 10.1 °C.

Mean annual precipitation at the Colby weather station from 1958 to 1988 is 492
mm. In 1988, the total precipitation was oniv 442 mm, the average monthly precipitation
was 38 mm (fig. 10). In 1989 precipitation from January to April was only 38 mm.
Drought conditions combined with a dust storm in the spring of 1989 caused great crop

damages in the study area.
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Chapter 2
Topograph ):

Fenneman (1931) classified Kansas as part of the High Plains section of the Great
Plains physiographic province. Fig. 11 shows the physiographic regions of Kansas.

Western Kansas, including the study area, presents itself as a broad, feature-and
treeless, mostly grass covered plain, sleping gently from west to east at an average rate of 3
m to 8 m per 1.6 kilometers (Self, 1978, O'Connor & McClain, 1982). The native
vegetation is short prairie grass.

Fig. 12 depicts the streams present in the study area . Only three streams are partly
perennial, the South Fork Republican River, Beaver Creek, and the South Fork Solomon
River. All other streams have intermittent character.

Upland areas are generally marked by numerous undrained depressions, ranging in
diameter from a few feet to several miles.

The location of the study area is shown in fig. 1. The study area coincides with the
boundaries of Groundwater Management District No. 4, which overlies part of the Ogallala
aquifer with at least 15 m of saturation.

The study area covers a total of 12740 kmZ2. Only five bigger communities are
located within this area: Goodland, Colby, Hoxie, Oakley, Bird City, and St. Francis
(fig. 13).

In 1984 Goodland and Colby were the only towns with a population greater than
5000, the total population of northwest Kansas at that time was 43130 (Socolofsky & Self,
1988). According to a 1987 population estimate, the population in northwest Kansas is
declining (Helyar, ed., 1988).

Agriculture is the most important source of income in northwest Kansas. In the nine
county area encompassing the study area a total of 4648 farms existed in 1987, with a

combined area of 22460 km? (Helyar, ed., 1988).
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Wheat is the main product, com is raised under irrigation and sorghum is the usual
substitute to wheat production.
Livestock production is the smallest in this region compared to the rest of the state

(Socolofsky & Self, 1988), probably due to the semiarid climate.
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Chapter 3
Geology

General Geologic Historv of Kansas

A very extensive summary of Kansas geology is given by Merriam (1963) and in
Zeller (1968). In the following, a short and basic overview of Kansas geologic history is
presented.

Kansas is situated on the southern extension of the Canadian shield, in the so-called

"Central Stable Region” (Eardley,1949) of the North American continent (Fig. 14). Due to
this stability, which prevailed since the end of the Precambrian the sequence of sedimentary
rocks covering Kansas attains a maximum thickness of only about 2900 m.

The relative stability is also shown by the surface geology map of Kansas (Fig.

15). The cross section depicts nearly horizontally bedded stratigraphic units dipping gendy
towards the east. The uniformity is only interrupted at the Nemaha Anticline, where the
strata are bent upwards to as much as a 5° angle in the surface beds (Merriam. 1963).
However, the structure is much more pronounced in the subsurface. The Nemaha Anticline
1s a prominent paleozoic structure, which extends from Nebraska all across Kansas into
Oklahoma and is still tectonically active. Of the 43 earthquakes recorded in Kansas since
1811, 24 had epicenters within Kansas and 10 were very close to the axis of the Nemaha
Anticline (Merriam, 1963).

Typically, most of the rocks comprising Kansas geology were deposited in a
shallow-shelf environment. During the early Paleozoic era, Kansas was above sea level,
but in the middle Cambrian time the land submerged slowly and an interior sea covered the
area until uplift in the Ordovician began. Dolomites, sandstones and limestones were
deposited, unconformably overlving the Precambrian bedrock. Throughout much of the
Paleozoicum the sea level fluctuated and thus the paleozoic stratigraphy is characterized by
alternating marine/non-marine sediments. Much of these limestones, dolomites , shales and

sandstones deposited during the marine intervals were eroded during times of uplift, only
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structural and stratigraphic basin-fills were preserved. Coal and Lignite deposits were
formed periociically during all of the middle and upper Pennsylvanian. Currently, these
deposits are mined in southeast Kansas.

During the Permian, regression dominated over transgressive phases and red
shales, sandstones. beds of salt, anhydrite, and gyvpsum were deposited.

A pronoinced unconformity marks the beginning of the Mesozoicum. The area was
uplifted and remained above sea level during Triassic and early Jurassic times. In the late
Jurassic the sea transgressed again. Deposits of this era are very rarely found in Kansas.
The geologic cross section (Fig. 15) shows strata this age only in western Kansas. This is
probably due to the fact that the Jurassic transgression did not last long. It was followed by
an uplift either at the end of the Jurassic or the beginning of the Cretaceous. Again a
sequence of marine and non-marine depositional cycles followed.

The remainder of the Cretaceous period is characterized by marine conditions and
hundreds of meters of limestone, chalk and shale were deposited. The only Cretaceous
deposits cropping out locally in the study area are the Pierre Shale and the Niobrara Chalk.
Overall the sediments of this period are very similar to the ones deposited during the
Paleozoicum, except for one peculiarity. Many Mesozoic deposits include Bentonite beds,
which indicate that volcanic ash was blown periodically into the seas in which deposition
took place.

The Cretaceous sea withdrew and subareal erosion began over most of the Great
Plains area, creazing a plain-like surface with a low topographic relief (Frye. 1945). The
unconformity berween the Upper Cretaceous Pierre Shale and the Ternary Ogallala
Formation documents this erosional process.

In the early Tertiary extensive uplift in the Rocky Mountain area took place and
streams flowing eastward deposited clastic sediments in the area. The earliest Tertiary
deposits in Kansas are assumed to be Pliocene in age. As deposition proceeded existing

bedrock divides were eventually buried and an aggradational peneplain was formed. It
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merged westward with the erosional surface in the Rocky Mourn:zins and extended
castward to the Flint Hills, which formed a divide in east-centra! Kansas. It is assurmed that
the streams shifted laterally on this surface due to the rapid filling of the channel beds
(Frye, 1945, Prescott, 1953). Another uplift occurred resulting in eastward tilting of the
plain, and the streams started to dissect the peneplain.

__..A sharp erosional uncontformity generally marks the boundary between Ternary and
Quaternary.

During the Pleistocene worldwide climatic changes caused major continental and
alpine (Rocky Mountains) glaciers to develop. Four major glacial events, which are
contemporaneous with the Guenz, Mindel, Riss and Wuerm glaciations in Europe, are
recognized. They are, listed from older to vounger: Nebraskan. Kansan, Illinoisan and
Wisconsinan. In between each of these glaciations the climate wzs warmer than present
days temperatures, conditions remained stable and soil formaticon could take place. The four
interglacial stages are listed from older to younger: Aftonian. Yamouthian and
Sangamonian after the respectively occurring paleosoils, and Holocene. Figs. 11 and 15
show the ice termini of the four glaciations. Only the Nebraskar and the Kansas glaciers
reached northeast Kansas and left deposits behind.

Not much is known about the Nebraskan glaciation and :he subsequent interstadial,
because of its great age and the masking and erosion of Nebraskan deposits by sediments
of other glacial events. It is assumed that Nebraskan related deposits filled in most of the
pre-glacial valleys (Fryve & Leonard. 1951;. The Kansan glaciazon again changed the
established drainage patterns and produced the ones active todax. Illinoisan and
Wisconsinan glaciers did not reach Kansas. they stopped about 200 km to the north in
Iowa ( Dort,1985).

Since the early 1960's it is recognized, that during all the four major glaciations
multiple advances and retreats of the continental glaciers occurrad and that the conventional

four stage single advance model is not valid (Frye & Willman. 2963, Reed et al.. 1966,
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Bayne, 1969, Dort, 1965, 1966a, 1966b,1985, Reed & Dreeszen. 1965, Reed et al.,
1965).

| During all four glaciatiqps loess deposition took place. The Wisconsinan Peoria
loess covers most of the"u'plafnd areas in Kansas, especially in the western part of the state.
Research concentrated on this loess unit, because of its accessibility, areal extent and
thickness. But radiocarbon dates from Pleistocene deposits are still very rare in Kansas
compared to other states (ex. Nebraska, Iowa, Illinois), so that direct correlation in many
cases is not yet possible.

The Quaternary period in general shows a history of alternating deposition and

erosion. Alluvial deposits, Pleistocene and Holocene in age, are represented mainly by
valley-fill , terrace and floodplain deposits. Holocene dune sands are more or less confined

to the south-central Kansas area and parts of southwest Kansas.

In recent times the land surface has been modified by erosion as well as alluviation.

logy of th Ar
Fig. 16 shows the surface geology of the study area and fig. 17 depicts the most
important stratigraphic units in northwest Kansas.
In the following, the outcropping rock units in the study area are described, with
emphasis on those units, which influence the water quality and water availability of the
Ogallala Aquifer, i.e. the Tertiary Ogallala Formation itself and the overlying deposits,

comprising Pleistocene loess and Holocene alluvium.

Cretaceous System

The thickness of Cretaceous deposits in Kansas is about 914 m (O'Connor, 1968).
In the study area only Upper Cretaceous rocks crop out locally. They are :
1. The Niobrara Chalk of the Colorado Group

2. The Pierre Shale of the Montana Group
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Both these rock formations are confined to five counties in the study area :

Cheyenne Co‘unty, Wallace County, Logan County, Gove County, and Graham County.

Niobrara Chalk

The Niobrara Formation was named by Meek & Hayden in 1862 from exposures
into two members by Logan (1897): the lower Fort Hays Limestone member and the upper
Smoky Hill Chalk member. Together they can attain considerable thickness: Hodson
(1963) reports about 213 m thick deposits for Wallace County.

Outcrops of the Fort Hays Limestone are only reported for Gove County , where it
is exposed along parts of the Smoky Hill River and attains a thickness of 0.9 m1o 1.8 m
(Hodson & Wabhl, 1960). In generz}l, thickness ranges from 12 m to 26 m (Merriam,
1963). The Fort Hays Limestone member is a massively bedded, white-grayish chalk or
chalky limestone, and is characterized by a large species of Inoceramus (O'Connor. 1968).
Because it is more resistant to erosion than the overlying Smoky Hill Chalk and the
underlying Carlile Shale, the Fort Hays Limestone often form cliffs.

The Smoky Hill Chalk member conformably overiies the Fort Hays Limestone and
1s much more common in outcrops in the study area. It comprises thinly bedded chaltky
shales and chalk, although massive beds can occur locally. The color is light to dark grey,
but the chalk weathers to white, pink, yellow and brown. due to the commonly found
concretions of limonite and pyrite. Weathering of the 30 m to more than 183 m thick chalk
beds (Hodson & Wabhl, 1960, Prescott, 1955) produces spectacular landscape features:
colorful canyons and ridges are formed, such as Castle Rock and Monument Rock in Gove
County. The Smoky Hill Chalk member is characterized by an abundance of fossils.
Bones of aquatic reptiles, sharks teeth and invertebrate fossils. notably Inoceramus. are

common. Thin beds of bentonite occur throughout the formaton.
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Pierre Shale

The Pierre Shale belongs to the Montana Group and represents its only member in
Kansas. It is the uppermost Cretaceous formation present in this state an\d overlies |
conformably the Niobrara Chalk. Meek & Hayden used the term Pierre Shale first in 1862
for exposures in South Dakota. Williston (1897) was the first to recognize the Pierre Shale
in Kansas, but not until 1931 was it described in detail (Elias, 1931).

Most of the Pierre Shale in northwest Kansas is covered by the Tertiary Ogallala
Formation, only along streams one can generally find good outcrops. Thickness in the
study area ranges from 5 m at its eastern limits in Graham County (Prescott, 1955) to 427
m in Cheyenne County (Prescott, 1952).

Elias (1931) divided the Pierre Shale Formation into six members. In descending
order they are: Beecher Island (about 30 m thick), an unamed member of about 152 mto
183 m thickness, Salt Grass Shale (18 m thick), Lake Creek Shale (61 m‘Lhick), Weskan
Shale (52 m thick), and Sharon Springs Shale (47 m thick). The thicknesses are reported
by O'Connor (1968). The Pierre Shale generally is a dark-grey to black, thinly bedded
shale, which weathers to coffee-brown and a lighter grey color. Thin beds of bentonite
occur throughout as well as pyrite, marcasite and limonite concretions. Selenite crystals are
usually found in abundance along cracks. Except for concretions and thin chalk beds the

Pierre Shale is non-calcareous.

Terue vstem

Ogallala formation

Tertiary (Neogene) deposits in Kansas are represented by only one formation, the
Ogallala Formation. The name Ogallala was coined by Darton in 1899 from outcrops near
the town of Ogallala in Keith County, Nebraska.

The outcrop area of the Ogallala Formation has a north/south extension of more

than 1287 km and a maximum lateral extension ot 644 km from Wyoming across Nebraska
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(Frye etal., 1956), and thus represents the largest area of more or less continuously
exnosea non-marine deposits on the North American continent. Paralleling the Rocky
Mountains the Ogallala Formation is present in parts of South Dakota, Nébraska,
Wyoming, Colorado, Kansas, New Mexico. Oklahoma and Texas. Nebraska is nearly
totally covered by these deposits, all type localities of the Ogallala Formation and its
‘members are situated here.

Fig. 18 shows the distribution of the Ogallala Formation in Kansas. The formation
is more or less confined to the western part, but a few deposits are known from central
Kansas. This indicates that originally a far more extensive area was covered and then lost
due 1o erosion (Merriam, 1963).

The thickness of the Ogallala Formation varies considerably. In northwest Kansas
thicknesses vary from a featheredge to 122 m in Wailace County (Hodson, 1963). Average
thickness in the study area is about 50 m (Frye, 1945, Prescott, 1952, Pfescott, 1953,
Bayne 1936, Walters, 1936, Johnson, 19358, Hodson & Wahl, 1960, Hodson, 1963,
Hodson, 1969).

The Ogallala Formation was deposited unconformable over Cretaceous bedrock
during late Miocene and Pliocene times in pre-existing valleys by east or southeast flowing
streams originating in the Rocky Mountains. Based on the clastic ratio pattern (sand/shale)
the drainage pattern during deposition of the Ogallala Formation parallels in general older
channels cut into Cretaceous bedrock (Merriam, 1963). Merriam & Frye (1954) recognized
four of these ancient stream vallevs in western Kansas (Fig. 19): The northernmost valley
extends eastward from southern Chevenne County 10 western Phillips County, another
valley trends eastward from central Wallace County along the present Smoky Hill River
valley, a third valley reaches from southeastern Wallace County across northern Wichita,
Scott, Lane, and Ness counties to the southeast, anc the fourth valley extends
southeastward from the southeast corner of Greeley County to the present day Arkansas

River valley.
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Generally, the pre-Ogallala topography represented a widespread, gently sloped

" erosional surface that reached from the Rocky Mountains as far as east-central Kansas. In
northwgst Kansas the bedrock surface generaily slopes to the east or northeast, whereas in
West:central Kansas easterly directions prevaii. The local bedrock relief can be
considerable: it ranges from 61 m to 122 m (Smith, 1940, Frye & Leonard, 1952).

Smith (1940) saw the cause for depos::ion of the Ogallala Formation in a
combination of climatic change and tectonic tactors: a semiarid climate together with
contemporaneous uplift in the Rocky Mountains and possible up-and downwarping in the
adjacent plains area resulted in the deposition of the fluviatile, Tertiary sediments. Thus he
followed Darton (1920) in combining interpre:ations of Haworth (1897), who correlated
the deposition of the Ogallala Formation with uplift in the Rocky Mountains, and Johnson
(1901), who held only climatc changes responsible. Based on the stratigraphy throughout
the Ogallala Formation Frye et al. (1956) conclude that erosion and differential structural
movements of small magnitude at different times during the late Tertiary coincide with the
deposition of the Ogallala Formation.

Opinions vary regarding the mode o: deposition. Soon after it was suggested by
Hay (1890) and Williston (1895) that the Ogailala Formation originated as a lacustrine
deposit, this theory was dismissed in favor of a predominantly fluviatile deposition
(Gilbert, 1896, Haworth, 1897. Johnson. 1901). Ever since, this theory remained
undisputed. In addition, minor eolian contribations were suggested (Smith, 1940).
Johnson's (1901) theory of the Ogzallala Form:iztion being a composite alluvial fan deposit
was dismissed by Smith in 1940. on the grounds that in Kansas the thickness of deposits
increases away from the source. i.e. the Rocxy Mountains. He instead described the
formation as a warped and dissected piedmor: alluvial plain deposit, which was gradually
deposited throughout time. For the next 40 vears this mode of deposition was adopted in
subsequent publications. Frye et al. (1936) ir. their extensive description of Ogallala

Formation stratigraphy in Kansas agreed. tha: the oldest sediments were deposited at the
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bottom of the valleys, whereas successively younger deposits filled these valleys and
finally mergca over bedrock divides forming a coalescent alluvial plain, wkich reached
from the Rocky Mountains to the Flint Hills of east-central Kansas. Streams probably
;hifted laterally on this surface, resulting in the formation of many lakes (Frye, 1945,
Prescott, 1953). At the beginning of the Pleistocene stream rejuvenation caused by renewed
upwarping dissected the plain. Both the Rocky Mountains and the plains area were affected
simultaneously, and the Ogallala Formation was arched (Smith, 1940). In 1957, Frye &
Leonard claimed that this single depositional cycle concept is valid for the Ogallala
Formation of the entire Great Plains region. Only in 1980 a different mode of deposition
was suggested. Seni (1980) postulated that the Ogallala Formation in Texas originated in
several stages from three overlapping, low gradient,wet alluvial fan lobes. Yet another
depositional scheme was published in 1984 by Diffendal for the panhandle area of
Nebraska. Here a complex sequence of cut and fill sediments is present. Fig. 20 depicts the
concept of Frye & Leonard versus the concept of Diffendal.

No new data have been presented for Kansas thus far.

The source of the sediment being mainly the Rocky Mountain area, the deposits of
the Ogallala Formation consist of igneous and metamorphic rock fragments, such as
pebbles of granite, quartzite, and pink feldspar. But Cretaceous limestone fragments are
also recognized, indicating local sources in Kansas as well as sedimentary rock sources in
eastern Colorado.

Frye et al. (1956) describe the Ogallala Formation as a heterogenous complex of
clastic deposits with virtually no distinctive marker beds that are traceable either laterally or
vertically. Except for a limestone at the very top of the formation, the individual beds are
characteristically lenticular and commonly do not show sharp contacts between lithologies,
but gradual transitions (Smith, 1940). The texture ranges from coarse gravel and sand
through sand, silt, and marl to clay (Frye, 1970). Sorting is generally poor to moderate,

and channeling and crossbedding are very common features (Smith, 1940, Prescort, 1953).
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Figure 20: Conceptual models for the deposition of the Ogallala formation,
modified from Diffendal (1984)
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Colors of deposits can be light greyv, tan. white, olive grey and red brown. The sediments
can be loose, friable or compact, with cement of either silica or carbonates. The latter is by -
far the more common cement and considerations have been made as to the origin of the’
calcium carbonate. Smith (1940) postulates that the source is mainly the Rocky Mountain
area itself and in situ weathering after deposition. One of his arguments against the
Cretaceous limestone and chalk deposits of eastern Colorado as a source is the greater
abundance of Vcarbonate cement in the upper pars of the formation, which were deposited
after the Cretaceous sediments to the west were almost covered by debris from the
mountains. According to Smith (1940) the principal source should also coincide with the
area of the most rainfall to facili-ate weathering and subsequent transport of the carbonates,
which would point to the Rocky Mountains. Here Paleozoic limestones and calcic minerals
in crystalline rocks could be the origin of the carbonates.The calcium carbonate is not only
present in form of cement, but occurs also as nodules, caliche lenses and beds. Prescott
(1952) reports caliche beds from a few centimeters to 9.4 m thick for Cheyenne County.
Most of the calcium carbonate was probably deposited at or near the water table; because of
fluctuating ground water levels, caiiche was deposited at various positions throughout the
Ogallala Formation (Bayne, 1956).

Correlation of beds was and is done mainly by opalized hulls of grass seeds and
fruits from other plants. These are widespread and very abundant in certain horizons and
thus more useful than the rare silicitied bones of fossil vertebrates (plain dwelling
mammals) or fossil molluscs. Although 14 species of molluscs have been identified frrom
Ogallala sediments in northwest Kansas (Fryve et al., 1956), their preservation is generally
poor: Commonly only imperfect external molds are found.

Another especially good aid to stratigraphic correlation is the presence of ashbeds.
They can be differentiated by their petrographic characteristics such as chemical
composition, thickness, shape, color and refractive indices of the glass shards. Ten

ashbeds have been described in the Ogailala Formation of northern Kansas and six have
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been given formal names (Swineford et al.. 1955). The thickness of the ashbeds ranges
from 30 cm te 6.7 m (Frye et al.,, 1956).

Besides fossil seeds and ashbeds dis:inctive rock types can also be helpful in -
differentiating between beds in the Ogallala Formation:

Opaline sands seem to occur only in the lower part of the formation, below the zone
of the ashbeds. which are the source of the silica ( Frve & Swineford, 1946). These
cemented sands are also called "Ogallala Quanzite”, because of their resemblance with true
quartzite when fine or medium sands are cemented. However, they loose this resemblance
when coarse sands or gravels are bonded by the opaline silica. Generally, this "Ogallala
Quartzite" displays a dark green color.Walters (1956) reports a thickness of up to 7 m of
this particular deposit in Rawiins County.

Chert can be found in the upper par: of the formation 3 m to 4.6 m below the
capping limestone and may be "genetically rziated to the stable surface that developed on
the alluvial plain after termination of the Ogzilala deposition ” (Frye et al., 1956). Although
the origin of the chert is not quite clear, it mzy serve locally as a marker.

Bentonitic clay beds are known from: positions at or near the base of the Ogallala
Formation (Elias, 1931). They could be the weathering product of volcanic ash (Elias,
1931) or the alteration from ash to Montmori:lonite could have been related to high ground
water levels, the magnesium being provided by nearby Cretaceous marine shales (Frye et
al., 1956).

Beds of diatomaceous marl includinz mollusc shells and altered soil horizons may
serve as indicators of depositional environ:ents. Stratigraphically, they have little value
because they occur throughout the formatic:.

Lugn (1939) divided the Ogallala Formarion in Nebraska into four members. In
ascending order they are: Valentine, Ash Hollow, Sidney gravel, and Kimball. In Kansas

only three of these members are recognizec. he Sidney gravel is here included in the basal
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part of the Kimball. Generally, th2se members are distinguished based on their litho.ogic,
faunal and floral content. Volcanic ashbeds are also used for stratigraphic purposes.
A description of the three members of the Ogallala Formation recognized in Kansas

follows.

Yatentine

This lowermost member or the Ogallala Formation was named from exposures near
Valentine, Nebraska. The thickness in Kansas ranges locally up to 30 m, but thins
eastward to about 9 m and less (Frve et al., 1956).

The Valentine comprises mainly fine to medium sand, relatvely well sorted. and
some feldspathic gravels.

Cementation by silica formed green opaline sandstone, called "Ogallala Quarzite .
Irregular cementation by carbonates occurs as well.

Also present are beds of soft, fresh water limestone, volcanic ash lentils. Grzenish
grey bentonitic clays are found especially at the base. Locally, Cretaceous rocks are
incorporated, reflecting a local source.

The overall color of these deposits is greenish grey to grey. Frye et al. (195¢)
assumed that deposition was rather uniform and took place at a low rate. Based on t=e
greenish color of the sediments, caused by ferrous iron, the great abundance of brarchiate
snails, and the local alteration of volcanic ash to monunorillonite, they also state tha: the
water table remained near the sutace during deposition.

Because the Valentine represents the bottom tilling of Cretaceous stream va2ys, its

outcrops are not as common as t=ose of the Ash Hollow or Kimball members.

Ash Hollow
The name Ash Hollow w s derived from Ash Hollow Canyon in the North Platte

River valley, Keith County, Nebraska. Most of the Ogallala Formation exposures .2
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northern Kansas are represented by this member. In contrast 1o the Valentine, which was
confined to b;drock valleys, the Ash Hollow filled those valleys, transgressed over all but
the highest bedrock divides and its upper part can be assumed to have spread out over most
of northwestern Kansas (Frye et al., 1956).

The thickness of this part of the Ogallala Formation can reach up to 40 m (Frye et
al.. 1956.

The lower part of the Ash Hollow is confined to the same bedrock valleys as the
Valentine, indicating that to that time the streams were still trending eastward. The known
easternmost extension of the Ash Hollow is in McPherson County in east-central Kansas,
where it is assumed to make up the lower part of the Delmore Formatior (Williams &
Lohman, 1949, Hibbard, 1952).

Fine to coarse sand, silt and gravel are the main consttuents of this member of the
Ogallala Formation.

Loose cementation is due to calcium carbonate, generating the so-called "mortar
beds". This name originated from the use of this material as natural mortar for sod houses
by the early settlers. vPartly, these cementation zones may have been soil caliche, formed in
the middle to late Ash Hollow. "As some of these “caliche " zones are separated by only a
few feet of noncalcareous silty sand, it is judged that, locally, increments of sedimentation
six feet thick or thicker accumulated rapidly and were preceded and followed by periods of
surface stability sufficiently long to permit the development of deep, mature lime-
accumulating soils containing caliche zones several feet thick” (Frye et al., 1956).
Development of these soils could occur, because at the end of the Ash Hollow laterally
shifting streams left large portions of the alluvial plain untouched for a considerable amount
of time (Smith, 1940).

Fresh water limestones, deposited in shallow, quiet ponds. and sands and gravels
bonded by calcareous cement due to the action of ground water make up the rest of the

calcareous material of the Ash Hollow.
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Opal cementa:ion occurs as well. but is less common.

_Ash l;cds are concentrated more in the lower part of the Ash Hollow. There are at
least ten separate beds. six of which are named (Swineford et al., 1955): Calvert, Rawlins,
Fort Wallace, Dellvale, Reager and Reamsville. According to Frye et al. (1936) eight of the
ten ashbeds are definizely to be placed in the Ash Hollow. However, in his mind the
Calvert bed belongs to the upper Valesttne. and one unnamed bed can not be placed with
certainty. Merriam (1963) classes all ten ashbeds as Ash Hollow.

Compared to the Valentine, the colors of deposits change graduallv from greenish
grey to red and tan throughout the Ash Hollow. In the upper part of the section green
colors are absent. This difference in color may have been caused by a gradual lowering of
the water table during deposition entailing different effects of surface weathering (Frye et
al., 1956).

Generally, there is a lack of crossbedding and the sorting is poorer in the Ash
Hollow as in the Valentne. This cou!d indicate rapid but intermittent sedimentaton, as is
shown by the caliche zones as well.

The input of local bedrock in:o the deposits 1s much less than in the Valentne.

Kimball

The uppermost and thinnest member of the Ogallala Formation was named after
Kimball County, Nebraska. Due to erosion only isolated remnants of this member are left,
but because sedimen:ition was not contined to any bedrock valleys and deposition occurred
on a plain-like surface. the Kimball had the most widespread geographic distribution of all
the Ogallala Formation members.

The rate of depositon greaily decreased so that the average thickness in northern

Kansas is only about 9 m (Frye et al.. 1956).
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Locally, the basal part of the Kimball is made up of lenticular channel gravels,
‘which occur more consistently in Nebraska and were therefore given member status in that
state: the Sidney gravel member.

Medium to fine sands and silts predominate in this section. They are rich in calcium
carbonate which increases towards the top of the sequence, culminating in the so-called
"cap rock", "algal limestore™or "Ogallala climax soil”, a dense, sandy limestone
characterized by concentric, wavy laminae and pisolithic structures. It contains quartz and
feldspar grains and locally granitic and other igneous fragments as well.

The origin of this limestone horizon was long disputed. Elias (1931) described it
for the first time and suggested that it was formed in an extensive lake by algal activity to
form an algal limestone. Another hypothesis was formation in a series of disconnected
lakes, the environment being more a back swamp area or abandoned channel segment
(Theis, 1936). In 1956, Frye et al. found that the limestone does not contain any fossil
remains and thus postulated an inorganic soil forming process on a siable surface over a
considerable amount of time.

The upper limestone is, due to erosion. not present everywhere, but where it exists
it represents an excellent marker bed for the end of the Ogallala deposition and the
boundary between Tertiary and Quaternary deposits.

The thickness of the "cap rock” ranges from 46 cm in Rawlins County (Walters,
1956) to 1.2 m in Cheyenne County (Prescott, 1957).

Silification in the Kimball does no: occur as frequently as in the Ash Hollow. Opal
and chert in this member are assumed to be secondary replacements of calcium carbonate,
indicated by color, type of replacement. associated clay minerals and stratigraphic relations
(Frye et al., 1956). The source of the silica is, according to Frye et al. (1956), more likely
to be on or near the alluvial surface than being derived from volcan:c ashbeds in the

formation itself, and transportation as well as deposition occurred by downward
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percolating meteoric waters. Volcanic ash deposited directly at the surface or silicates
derived from‘weathering of feldspars may have provided the source.

The Kimball shows a greater degree of uniformity as far as lithology and thickness
are concerned. This effect is caused by a lack of lgcallyv controlled depositional features.
Deposition occurred on a coalescent plain, no bedrock valley controlled the direction of
flow, thus the depositing rivers were free to shift according to gradient,sediment load and
water volume.

Color of the sediments in the Kimball is commonly a light grey.

Overall, the Kimball member of the Ogallala Formation is less permeable and

fossiliferous and shows more calcium carbonate cementation than the Valentine and Ash

Hollow.

Quaternary System

The Midwest and the central Great Plains region of the United States represent the
most extensive thick loess deposits in the western hemisphere. In an area extending more
than 1610 km from east to west and moré than 804 km from north to south, most upland
areas are covered with loess (Frye, Willman, Glass, 1968). The youngest loess, named the
Peoria loess, covers more than 65% of the land surface of the State of Kansas (Welch &
Hale, 1987).

Pleistocene loess mantles a large part of the upland areas in western Kansas. Only
where stream erosion occurred are the underlying Tertiary or Cretaceous sediments
exposed. The average thickness of loess in the study areais 15 mto 18 m.

Three major loess units are recognized in Kansas:

1. Loveland loess, deposited during Illinoisan time
2. Peoria loess, deposited during Wisconsinan time
3. Bignell loess, deposited either at the end of the Wisconsinan or in the beginning

of the Holocene, although recent radiocarbon dates indicate deposition during
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the Holocene (Lutenegger, 1985, May, 1989)

Fig. 2‘1 shows the time—;trafigraphic positions of all the above mentioned loess
units, accordiﬁg to Bayne & O'Connor, 1968. The position of the Bignell loess is
controversial: Based on radiocarbon déteg Ruhe (1983) states. that the Bignell loess may be
Holocene in age. Strong morphological and chemical resembiznce with the underlying

Peoria loess could also allow interpretation of the Bignell loe:s as-a reworked product of

the Peoria loess (Frye & Leonard, 1951).

Loveland loess

Loveland loess, the oldest loess unit recognized in Kansas, was named by Shimek
(1910) after the type locality near Loveland. Iowa. Frye & Leonard (1951) describe this
loess at the type section as massive, and consisting of fine sad and silt, the upper par
being leached of calcium carbonate, the lower part being unlezched and containing calcium
carbonate nodules due to illuviation. The overall color of this .oess unit is reddish-tan to
tan. Fossils. mainly molluscs, have been found elsewhere in e Loveland loess, but are
rare in Kansas. The upper part of this loess unit displays a disznct reddish brown to pink
color caused by weathering and is called the Sangamon palecsol. This soil developed
during an interglacial in times of relative stability under a pre2ably more humid and warmer
climate than todays as indicated by the red color. This blocky wextured, highly clavev soil
horizon is widely used as a marker bed, differentiating betwe2n the Illinoisan and
Wisconsinan. In western Kansas the Sangamon soil is relat» 2.y thin and compact. Bayvne
(1956) reports a maximum thickness of 1.2 m for the Sanga=on soil in Sheridan County,
and Prescott (1952) reports 1.8 m in Cheyenne County. At th2 tvpe section in Jowa the
Sangamon soil is 7.6 m thick (Frye & Leonard, 1952).

Minor soil developments within the Loveland loess uxit (Frye & Leonard. 1954)

suggest periods of stability during Illinoisan time.
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The dismbution of Loveland loess over Kansas 1s discontinuous and patchy

compared to the Peoria loess, although it is well developed in northern and central Kansas.

Peoria loess

Wisconsinan eolian deposits have been divided into 2 loess units: the lower Gilman
Canyon Formation and the upper Peoria loess. The Gilman Canyon Formation is named .
after its tvpe locality in Nebraska and is described as' dark gray, humus enriched, non-
calcareous and 30 cmto 1 m thick (Reed & Dreeszen, 1965, Dreeszen, 1970). The top of
the Gilman Canyon Formation marks a weakly developed interstadial soil horizon. For
western Kansas the Gilman Canyon Formation has not been described.

The overlyving Peoria loess represents the thickest loess unit in Kansas and the best
preserved one. The name Peoria was coined by Leverett (1898) after the type locality near
Peoria, [llinois. Within the Peoria three distinct molluscan faunal zones are recognized: a
basal, lower, and upper zone (Leonard, 1951). Because it shows leaching, Frye & Leonard
(1952) concluded that deposition of the basal zone was slow. It is assumed that the silt was
first incorporated into the A horizon of the Sangamon soil: but eventually the rate of
deposition exceeded the rate of leaching and the loess became more calcareous. Regarding
the overall rate of deposition, opinions differ: evidence for episodic deposition is, for
example, found in Iowa, where the loess includes dark, orgaric rich bands, which are
believed to be incipient soils formed during periods of slower deposition (Daniels et al.,
1960. Ruhe et al.. 1971). Frankel (1957) also assumes the occurring zonation and
preservation of fossils in the Peoria loess of Nebraska as being evidence for episodic
deposidon. In Kansas, however, no well developed paleosols or other unconformities are
found. and it is assumed that the Peoria loess here represents a continuous deposit. The
occurring faunal zonations are attributed 1o a change in the rate of deposition rather than a

complete break (Welch & Hale, 1987).



14

The Peoria silt is of eoiian origin, massive, homogenous, tan to light yellow
colored and c‘alcarcous. [Large amounts of very fine sand can occur in the Peoria silt,
indicatve of periods of high winds during ceposition (Prescott, 1952). The Péoria attains
great thickness in northwest Kansas: average thickness here is between 6 m and 12 m,
however, thicknesses of up to 27 m in Chevenne County (Prescott, 1952) and 24 m in
Rawlins County (Walters. 19561 have neen recorded. The overall mineralogy of Peoria
Loess shows a dominance of quartz, reldspars, volcanic ash shards, carbonates and micas
in the silt fraction; the clay mineralogy is made up of montmorillonite, illite, calcite, quartz

and feldspar and a trace of kaolinite (Swinetord & Frye, 1951).

Bignell T.0ess

The Bignell loess is the voungest loess unit found in Kansas and was named by
Schultz & Stout (1945) from exposures along the Platte River near North Platte, Nebraska.
As mentioned above, its appearance arc chemical characteristics are very similar to the
Peoria loess, although the Bignell loess 1s generally more friable and less compact. The
only certain way to distinguish between these two loess units in the field is the presence of
the Brady soil, developed on top of the Peoria loess, and/or the sparse but distinctive
molluscan fauna of the Bignell loess (Leonard, 1951). The Brady soil is regionally
traceable only in northwest Kansas, wrere its occurrence is closely associated with the
Bignell loess. However, compared to :he dismibution of the Peoria loess, the Brady soil
and the Bignell loess represent a very Ciscentnuous deposit, even more patchy than the
Loveland loess.

Bayne (1956) describes the Bradv soil in Sheridan County as being generally
thicker than the modem soil horizon znd of dark brown color, except in areas where it was
developed under poor drainage cond:zions: in those areas the color is grey or even black.
The thickness of Brady soil in Shericzn County is commonly about 30 centimeters but it

can reach a maximum of 90 cm. Its presence is generally confined to upland areas.
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The Bignell loess - where it is present in the study area - shows a thickness of a

few centimeters to a maximum of 1.5 m (Bayne, 1956, Walters, 1956, Prescott,-1952,

Prescoit, 1955, Hodson & Wahl, 1960, Prescott, 1953).

Source of loess

For the last 50 years the source of loess in Kansas has been debated. Most of the
research was done on the Peoria loess, because of its easy accessibility as a surficial
deposit, its nearly continuous distribution throughout the state and its considerable
thickness. The Loveland loess is also widespread, but of patchy occurrence and is visible
only in outcrops. Sources for the Loveland loess are probably very similar to those of the
Peoria loess. The youngest loess in Kansas, the Bignell loess, seems to occur only in
central and western Kansas, so that there is no direct relationship with the last continental
glaciation.

Three requirements have to be fulfilled before loess deposition can take place:

1. Presence of a deflating area, i.e. a continuous source of silt.

2. Presence of an inflating area, i.e. an area either morphologically suited for loess
accumulation and/or an area with grass dominated vegetation to act as a
catchment area for the windblown silts and to prevent subsequent removal.

3. The wind has to blow from one direction.

As far as the source of loess is corcerned, three theories have been developed over
the years:

1. Glacial (alpine/continental) outwash river tloodplains.

2. Desert regional sources (areas of sand dunes).

3. Regional fluvial and eolian erosion of the Ogallala Formation.

A glacial outwash loess source was favored by Frye & Leonard (1952), they
recognized the Missouri, Platte and Arkansas rivers as major contributors. The Missouri

River served as a source for northeastern Kansas, the Platte River in Nebraska provided
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silty material for northern , cenral and wes:ern Kansas, and the Arkansas River contributed

coarser, moré sandy sedimen:s to areas in southvrest and south central Kansas. A decrease

of particle size and thickness away trom these rivers supports this conclusion.

Mathematical models (Waggoner & Bingham, 1961, Frazee, Fehrenbacher & Krumbein,

1970) predict a thinning of loess as well as a decrease in grain size with increasing distance
_-from the presumed source.

A desert regional source was suggested by Lugn (1960). He assumed the Nebraska
Sand Hills to be the major conmibutor to Kansas Peoria loess, based on a decrease in
particle size as well as in thickness away from the Sand Hills to the southeast. In his view,
the Sand Hills today represent remnants of the Tertiary Ogaliala Formation, the sand being
left behind as dune sand after wind erosion of the silts and clays under an arid climate. He
stated that the major rivers conmibuted only iittle sediment to the loess deposition.
However, fossils indicate a boreal climate curing Wisconsinan time and in addition
radiocarbon dates suggest tha: the Nebraska Sand Hills may be Holocene in age, which
would preclude them as a source for Peoriz [oess.

Reed & Dreezsen (1963) favor an eolian/fluvial source of the Peoria loess, derived
from erosion of the Ogallala Formation: From test hole data in the Sand Hill region in
Nebraska they conclude, that before Wisconsinan time the landscape showed hills and
valleys due to stream erosion of the Ogalla:z Formation. The valleys were subsequently
filled with sediments grading upward into riner material, which was reworked during the
middle/late Wisconsinan by ¢oiian processes. The sand was deposited in dunes (Sand
Hills) and the silts were blow i 1o the southzast. Reed & Dreezsen's theory differs from
Lugns only in as much as the origin of the Sand Hills 1s concerned.

One theory by itself coes not expla:n the differences in thickness and distribution of
Peoria loess in Kansas. More than one source had to be present. Therefore, Welch & Hale
(1987) conclude, that loess i the western half of the state was derived:

a. from the Sand Hills in Nebraska zs well as from regional dunes in eastern
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Colorado and south central Kansas,
b. fror;u alpine glacial outwash sediments - derived from the Rocky Mountain area -
of the floodplains of the Plaue and Arkansas nvers,
c. from floodplain material from non-glacial rivers, such as the Arikzree,
Republican, Solomon, Saline. Smoky Hill, Pawnee and Cimarron rivers.

In the northeastern par: of Kansas the loess 1s mainly derived from continental -
glacial outwash of the Missouri River and non-glacial rivers such as the Big Blue. The
volume contributed by each source is unknown.

The unique geographic location of Kansas between continental glaciers to the
northeast and alpine glaciers to the wes: probably also contributed to the unevenness of
loess deposition in this state. Caused by differences in microclimate, distrizution of
deposits from the alpine glacial source could have been out of phase with ceposition of

sediments derived from the continental glacier (Welch & Hale, 1987).

Alluvium

The alluvial deposits in the High Plains area consist of valley-fill. terraces, and
flood plain deposits, both Pleistocene and Holocene in age. Partially, these undifferentated
deposits of gravel, sand. silt and clay represent reworked sediments of the Tertiary Ogallala
Formation and/or from Cretaceous bedrock. Materials imported from the Rocky Mountains
by fluvial processes during the Pleistocene are also common.

The average thickness of aiiuvial deposits in northwest Kansas is zoout 12 m
(Bayne & O'Connor, 1968), but the Alluvium can attain much greater thicxness: 21 min
Wallace County (Hodson, 1963) and 30 m in Gove County (Hodson & Wzhl, 1960) have

been reported.



48
Chapter 4
Tectonic frz;mework of the study area
~ Fig. 22 shows the major structural features of Kansas for different time periods.

'fhe study area is part of four structures: the Central Kansas Uplift, the southern extension
of the Cambridge Arch, the Hugoton Embayment of the Anadarko Basin, and the Las
Animas Arch. e

Between the Desmonian and Mississippian regional arching occurred along a
northwest/southeast axis, the so-called Ellis Arch developed (Fryve, 1945). This andclinal
feature was affected by several periods of uplift (Merriam, 1963), and finally developed at
the end of the Mississippian or during early Pennsylvanian tume into the Central Kansas
Uplift and the Cambridge Arch, which separate the Hugoton Embayment in the west from
the Salina and Sedgwick basins to the east (Fig. 22). Arching of the uplift continued
through Pennsylvanian and early Permian time, resulting in a tilt of the area toward the
Hugoton Embayment. The crest of the structure has Pennsylvanian beds overlving
Precambrian rocks, on the flanks pre-Pennsylvanian beds are upturned, truncated and
overstepped by Pennsylvanian strata (Merriam. 1963).Trending northwestward. the
Central Kansas Uplift is the most prominent structural feature in Kansas. It has an
approximate areal extent of 14.763 km? (Merriam, 1963) and lies entirely within the state.

Separated from the Central Kansas Uplift by a saddie stmucture, the Cambnidge
Arch represents the northwest extension of the latter. Structural movements along this
feature occurred parallel to those of the Cenral Kansas Upiift and then again in Mesozoic
time, continuing through the Cretaceous and later (Lee & Mermmam, 1954). Together with
the Central Kansas Uplift the Cambridge Arch shows an arcuate wend of uparched features.
In plan view the beds are convex to the southwest. Several smaller antclinal and synclinal
structures parallel the Cambridge Arch.

The Hugoton Embayment is a large, shelf-like extension of Oklahoma's Anadarko

Basin into western Kansas (Maher & Collins, 1948). An increase in the thickness of
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sediments to the south and toward the axis of the structure, indicates the general dip of
beds. The Huéotdn Embayment as a major structural unit occupies about one third of the
entire state of Kansas (Merriam, 1963), Structural development continued to be active
through Pennsylvanian and Permian 'ti'me‘ (Lee & Mermiam, 1954). Cretaceous beds in the
area of the Hugoton Embaymeﬁt, foremost beds in the Niobrara Formation, show many
small, tension-type faults and fractures. They seem to be especially numerous in Wallace
County (Johnson, 1958).

The Las Animas Arch is located mostly in eastern Colorado, only its easternmost
extension reaches into western Kansas. It separates the Denver Basin from the Hugoton
Embayment and the later Western Kansas Basin. Undl the late Cretaceous, the Las Animas
Arch had little effect on the regional structure in western Kansas. As a result of the mainly
post-Cretaceous activity along the Las Animas Arch, Cretaceous bedrock in northwest
Kansas dips generally 3 m to 6 m per 1.6 km to the nontheast, although locally dips to the
east or the north are observed as well (O'Connor & McClain, 1982).

Concurrent with the orogeny in the Rocky Mourtains during the late Tertiafy were
small differential epirogenetic movements (Frye, et al.. 1956).

In the Pleistocene differential uplift caused arching of the Ogallala beds and a
general tilt to the east. Elias (1931) observed gentle folding in the Ogallala Formaton in
Wallace County which reflect in the Cretaceous strata.

More recent structural epirogenetic movements are documented by occurring
earthquakes mainly along the Central Kansas Uplift inc :he Nemaha Anticline in eastern

Kansas (Merriam, 1963).
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Chapter §
Mineral Resources in the' study area
Miheral resources in the study area are not very extensive. The most important
source of income is agriculture. Of thé non-fuel resources sand and gravel is the most

important one.

Oil and gas wells exist in nearly every county of the study area with production of
oil outweighing the gas production. However, most of the oil and gas resources of Kansas
are located and being exploited in central Kansas along the Central Kansas Uplift and in the
eastern part of the state, so that overall producton in the study area is comparatively low.
Generally, oil and gas producing strata in northwest Kansas are the Cambrian/Ordovician
Arbuckle Group and the Pennsylvanian Marmaton and Kansas City-Lansing groups. Some
Mississippian rocks yield oil and gas as well.

Only 9.83% of the 58.823.981 barrels of oil produced in the entire state of Kansas

in 1988 come from counties in the study area (Kansas Geological Survey, 1989).

and and Gravel
Among the non-fuel mineral commodities sand and gravel is most widely produced
in the study area. Numerous open pit operations yield sand and gravel associated with the
Tertiary Ogallala Formation, but also from alluvial and terrace deposits. The materials are

used for road construction and surfacing and as an aggregate for concrete.

Smoky Hill Chalk
The Upper Cretaceous Smoky Hill Chalk is sometimes used as a building stone but

more often county roads are surfaced with the crushed material.



Qgallala "Quartzite”
Very ;arely is the Ogallala “"Quartzite" used as a building stone anymore but where it

is present in outcrops it is sometimes mined for road material.

Mornar f the Ogallala Formation

In 1963 Wallace County was the only county in the study area where this matenal
was commercially mined (Hodson, 1963). The diatomaceous marl can be used as paint
filler and whiting substitute. As a building stone the marl is not suitable because it shows

differential weathering due to different hardness in the marl beds.

Volcanic ash

Volcanic ash is a mineral source of minor importance. It is not mined commercially
in the study area but in Norton County it is mined for use as an abrasive element and as a
filter for clarification of cooking oils. In former times it was used as a mineral filler in road

construction.
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Chapter 6
Hydrology ;)f the Study Area |
Surface Waters

Northwest Kansas belongs to the Missouri River drainage ba‘sin.‘ The majority of
streams flow to the northeast following the general slope of thé area.

Only three perennial swreams are recognized in the study area: the South Fork -
Republican River, Beaver Creek, and the South Fork Solomon River (Fig. 12). All of
these streams have intermittent character over long distances before they become perennial
by intersecting the ground water table.

Numerous intermittent streams are present in the study area. The majority of them
were perennial before the onset of irrigation, which lowered the water table considerably.
Now they carry water only during and shortly after precipitation events. However, not
much run-off is produced by precipita.tion events, unless they are either of longer duratdon,
which is rare, or short with very heavy rainfall so that the dry soil can not quickly absorb
the moisture. Loess, which covers most of the upland areas in northwest Kansas, and in
which the soils are developed, acts like a big sponge soaking up moisture, when rainfalls
are not 100 heavy or when the area is under snow cover and the ground is not frozen.

Seeps and springs are rare in the study area, because of the deep water table. Since
irrigation began most of the springs went dry and are now above ground water level.
Active springs can still be found aiong the discharge boundary of the Ogallala aquifer.
mostly in the very eastern part of the study area (Grazam County) and along the perennial
streams.

The majority of the numerous intermittent poads is present in Sherman, Thomas,
and Cheyenne counties. During and after precipitaticn events, the ponds will hold water for

a short period of time and serve as a water source for cattle.
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The presence of intermittent ponds and the larger sized depressions is attributed to

various causes, including solution-subsidence, wind scour, differential erosion-deposition,

differential compaction, and the wallowing of buffalo (Self, 1978).

Ground Water
_High Plains Aquifer System

The High Plains aquifer system which is considered by Gutentag & Weeks (1980)
to consist of one or more hydraulically connected units of late Tertiary or Quaternary age, is
considered a single hvdrologic unit. The Tertiary Ogallala Formation comprises the major
part of the High Plains aquifer system, which underlies a total of 450789 km? (Stullken et
al., 1985) in eight states: Wyoming, South Dakota, Nebraska, Colorado, Kansas, Texas,
Oklahoma and New Mexico. 80% of the this area, i.e. 347060 km2 (Weeks, 1986), is
underlain by the Ogallala Formation, which is thus the principal geologic unit of the High
Plains aquifer (Fig. 23).

In the study area, the term High Plains aquifer system is more or less synonymous
with the term Ogallala Aquifer, because Ogaliala deposits represent the major water bearing
formation.

In 1980 the total volume of drainable water in storage in the High Plains aquifer
was estimated to be 4 x 1012 m3 (Gutentag et al.. 1984). According to Weeks (1986) this
amount is divided among the eight states overlving the High Plains aquifer system as
follows: 65% of the ground water in aqu:fer s:orage are in Nebraska, where recharge and
saturated thickness are greatest due to the presence of sand dunes, about 12% are in Texas,
Kansas holds 10%, Colorado 4%, Oklahoma 3.5%, South Dakota and Wyoming 2% each,
and New Mexico 1%.

For a long time the High Plains aquifer was regarded as an inexhaustible supply of
water. When development began on the High Plains in the late 19th century, the early

settlers used windmills to pump shallow ground water from hand dug wells. Until the
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1930's the agriculture in the High Plains was under a "boom and bust” cycle: With enough
precipitation ;gﬁculture flourished on the fertile soils, but recurring droughts destroyed
everything. During the so-cailed "dust bowl” that coincided with the Great Depression in
the 1930's many settlers hac 10 leave the High Plains. However, spurred by the drought,
technological advances in weli drilling technigues. pumping technology and cheap available
energy, ground water irmigat.on developed rapidly afier the 1930's. The second world war
interrupted this process, but aiter it was over one of the most productive and stable
agricultures established itself in the High Plains. By 1949, 8094 km2, mostly located in the
Southern High Plains, were irrigated (Weeks & Gutentag, 1984). Most irrigation wells
were drilled in areas, where the ground water ievel was less than 30 m below land surface.
In the 1960's the development of etficient power plants for turbine pumps allowed the
installation of deeper wells. In addition. the center pivot irrigation system was developed,
making land available for irrigation which was previously not suitable.

Annual ground water pumpage for irrigation increased from about 4.0 x 109 m3
during 1949 to nearly 2.2 x 1910 m3 during 1980, representing about 30% of the ground
water used for irrigation in =¢ United States (Weeks & Gutentag, 1984). The report
published by Camp Dresser & McKee, Inc. et al. (1982) lists an increase in irrigated
acreage in the High Plains a2a from 14.164 km? in 1950, mostly situated in Texas and
Nebraska, to more than 60703 km- in 1950. which represents an average annual increase
of about 1619 km? in 30 years.

About 20% of the ir— gated land in the United States is located in the High Plains

(Weeks & Gutentag, 1934). Fig. 24 shows imgated acreage and estimated ground water

pumpage in the High Plains rom 1949 10 1978.
Approximately 95% of the water withdrawn from the High Plains aquifer system is
used for irrigation (Weeks ¢: al., 1988). Compared 1o this figure, the amount of water

needed for domestic, indus=ial and municipal usages represents only a minor factor.
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Following Nebraska and Texas, the state of Kansas is the third largest water consumer.
Kansas, Nebraska and Texas together account for about 88% of the total water pumped.

» Although improved irrigation techniques reduced the per acre application by 30%
from 2466 m3 of water 10 1726 m3 (Camp Dresser & McKee, Inc. et al., 1982), the
significant increase in irrigation over the last 30 to 40 years has caused severe water level
declines in the High Plams aquifer system.

Fig. 25 shows the water level changes from pre-development to 1980. The largest
area of decline occurred in Texas, exceeding 15 m of decline. Locally, the water table
declined here as much as 61 m (Luckey et al.. 1981).

The later onset of irrigation development in the northern half of the High Plains
aquifer system, combined locally with more favorable recharge conditions, is probably
responsible for a lesser water level decline in this area.

Weeks et al. (1984, 1988) attribute water level rises in Nebraska to return flow
from surface water irrigation and leakage from canals and reservoirs, whereas rises in
Kansas and Oklahoma are said to represent recovery from abnormally low water levels
during the drought of 1933 to 1940. According to their figures. a total of 12950 km? of the
High Plains aquifer showed water level declines in excess of 3 m, and more than 31080
km?2 showed declines in excess of 15 m. In only 1% of the total area underlain by the High
Plains aquifer system significant water level rises (more than 3 m) occurred, whereas
severe declines (more than 3 m) occurred in 29% of the area (Weeks et al.. 1984, 1988).

From pre-development to 1980 the total volume of ground water in storage in the
High Plains aquifer system was depleted by 2.05 x 1011 m3, 16% of the removal occurred
in Kansas and 70% in Texas (Weeks et al., 1988).

Due to this depletion, not only the water levels declined but the saturated thickness
changed concurrently. Changes in saturated thickness are direc:ly related to changes in well
yields. Negative changes mean a decrease in water availability and an increase in pumping

lifts, which can cause a significant cost increase regarding the operation of irrigation wells.
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Fig. 26 shows the saturated thickness of the High Plains aquifer system from pre-
developmenf -to 1980. Sign_i.ﬁc‘ant increases in saturated thickness (more than 10%)
occurred in only 1% of the area, decreases of more than 10% and more than 25% occurred
in 25% and 8% of the area, res'pberctivcly (Weeks et al., 1988).

Areas of significant decrease generally coincide with areas being under irmgation
for a long time. In Texas and New Mexico large scale irrigation operations began about
1940, whereas in Colorado, northwest Kansas, Nebraska and Wyoming most of the
irrigation development took place since 1960.

Increases in saturated thickness are due to the same processes described above for
the increase of water levels.

Fig. 27 shows the saturated thickness in the High Plains aquifer system in 1980.
Average saturated thickness was 61 m, but areas with up to 305 m saturated thickness are
known from Nebraska; about 46% of the aquifer system had less than 30 m of saturated
thickness (Weeks et al., 1988, Weeks, 1986).

Declining water levels and decreasing saturated thickness indicate that the High
Plains aquifer is basically being mined: water is withdrawn at a much faster rate than
recharge can occur.

Precipitation and seepage from streams are the main contributors to recharge to the
generally unconfined aquifer system. But because evaporation greatly exceeds precipitation
(Figs. 7 and 8), only a very minor amount of the latter infiltrates the ground and eventually
reaches the ground water table. Exception are areas with sandy soils which are
characterized by high permeability, low field capacity and rapid infiltration rates.

Recharge estimates range from 0.6 mm per year in Texas to 152 mm per year in
areas of dune sands in Kansas and Nebraska (Gutentag et al.. 1984). Luckey (1984)
estimated the average annual recharge to the High Plains aquifer over the entire area of the

aquifer system by model simulation. The resulting value was 152 mm per year. About 80%
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of this recharge occurs north of 39 degrees latitude, where dune sands are present and
evapotranspifation is low.

Ground water fldw in the system ié generally from west to east following the slope
of the water table. Based on aquifer properties and the Aregional ground water gradient, tne
velocity of ground water flow is about 30 cm per day (Weeks, 1986).

Hydraulic conductivity and specific vield can vary horizontally as well as lateraliy.
because they depend on the characteristics of the sediment. Both properties control the tlow
of ground water in an unconfined aquifer.

The hydraulic conductivity for 68% of the High Plains aquifer system is 9.25 x
105 m/sec to 34.7 x 10-3 m/sec (Gurtentag et al., 1984), although it can be as high as 10.5
x 10 m/sec for individual lithologic units and averages 20.8 x 103 m/sec (Weeks. 1986,
Weeks et al., 1988).

The value for specific yield is 15% on the average and can range from 3% to 35%
for individual lithologic units (Weeks, 1986, Weeks et al., 1988). For 76% of the aquifer
system Gutentag et al. (1984) give a specific vield value of 10% to 20%.

Water quality in the High Plains aquifer system is generally suited for irrigadon.
but is locally not of drinking water quality. Concenwrations of sulfate, chloride, selenium.
fluoride, nirrate and dissolved solids can exceed the United States Environmental Protecton
Agency's (1976, 1977) primary and secondary drinking water standards.

Fluoride concentrations of more than 2 mg/l are widespread in the High Plains
aquifer and are derived from fluoride minerals in the sand, gravel and volcanic ash deposits
that comprise a large part of the aquifer. Underlying Cretaceous rocks, especially from the
Lower Cretaceous period, add fluoride as well.

85% of the water stored in the High Plains aquifer contains less than 500 mg ]
dissolved solids and about 27% contain less than 230 mg/1 dissoived solids (Weeks er al,,

1988).
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High concentrations along the streams are caused by irrigation return flow which is
highly minera]ized due to flushing and consecutive transp;ort of the salts accumulated in the
soils by evaporation processes. The shallow aquifer along the streams i§ very susceptible to
these contaminations.

Concentrations of more than 500 mg/1 dissolved solids in Texas and New Mexico‘

. are caused by the Lower Cretaceous bedrock in these areas, which was deposited in a deep

marine environment (Weeks et al. 1985). Water in these rocks is highly mineralized.

The Qgallala Aguifer in the Study Area

The High Plains aquifer in Kansas comprises the Tertiary Ogallala formation and
alluvial deposits of Quaternary age. In northwest Kansas, including the study area,
Quaternary water bearing deposits are of minor importance as a water resource. Only the
alluvium along streams yields water to wells. The principal water source are the Tertary
deposits of the Ogallala formation, i.e. the Ogallala aquifer.

In general, most of the characteristics of the High Plains Aquifer system, as
outlined in the previous paragraph, are also applicable to the Ogallala aquifer in western
Kansas.

In the following, the Ogallala aquifer in the study area and in northwest Kansas in
general is described in greater detail.

The Ogallala aquifer in northwest Kansas overlies low permeability Lower
Cretaceous bedrock, which represents a no-tlow” boundary according to Stullken et al.
(1985). However, hydraulic connection may occur sometimes along fracture zones.

The aquifer is generally unconfined with ground water flowing from west to east
according to hydraulic head differences. The siope of the water table follows the slope of

the bedrock which averages about 0.24¢ (Stullken et al., 1983).
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On a regional scale the aquifer may appear homogenous in its properties but on a
local scale va;'iations can be considerable due to the diverse lithology of the Ogallala:
formation. | |

Very few pump test data are described in the literature. Data in the old county -
reports, mostly compiled during the 1940's and 1950's are not considered to be Very
reliable, because of the techniques and equipment used at that time, and often the duration
of the tests and the screened depth of the respective wells are not mentioned.

Stullken et al. (1985) summarizes some of the older pump test data in the Ogallala
aquifer. For counties included in the study area, transmissivity values range from 223
m-/day to 4.926 m?/day, and hydraulic conductivity values vary from 10.4 x 10-3 m/sec to
15.6 x 104 m/sec. Numbers for storage coefficients, which are identical with specific yield
in an unconfined aquifer, are not reported. ;

Stullken et al. (1985) also estimated hydraulic conductivity and specific yield of the
Ogallala aquifer in Kansas based on 1612 well logs. Fig. 28 and Fig. 29 show the results.
For northwest Kansas the estimated hydraulic conductivity averages 22 x 10-> m/sec to 43
x 1073 m/sec, the specific yield for the same area ranges from 10 to 25%.

Unpublished pump test data from the files of the Kansas Geological Survey and the
United States Geological Survey provide information on 35 aquifer tests of Ogallala wells
in the study area. Transmissivity values range from 403 m%/day to 6170 m2/day, specific
conductivity values vary from 7.6 x 10-3 m/sec to 13.8 x 104 m/sec, and storage
coefficients range from 1 x 10-1! 10 0.16. The duata were obtained by using the Theis
method.

It is evident that large variations in aquifer properties occur in the Ogallala aquifer
throughout northwest Kansas, reflecting the diverse lithology of the water bearing Ogallala
formation.

With the onset of irrigation since the 1950's and major advances in irrigation

techniques since the 1960's, water levels and saturated thickness started to decline
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seriously in northwest Kansas and continued to decline o the present. Fig. 30 depicts the
decline in depth to water for a well in Thomas County for the period from 1947 to 1988.

Basically, the Ogallala aquifer is being mined, withdrawz! of water by far
‘ outweighing recharge to the aquifer. Because the irrigated agniculiural economy is solely
dependent on Ogallala ground water the deciining water levels are of serious concern. It is
one of the primary tasks of the Groundwater Management Diszic: in northwest Kansas to
enhance better management of the resource. The change from riocd 1rrigation to the center
pivot irrigation system helped in reducing the amount of withdrawal from the Ogallala
aquifer, but eventually it may become necessary to return to &rv lznd farming practces in
northwest Kansas, because it will be too expensive and too inzfficient to pump water out of
the declining aquifer.

Table 1 lists the appropriated water rights as of September 18, 1989 for the study
area. Water rights for a total 3531 wells were appropriated, 3412 of which were irrigation
wells. 1.09 x 109 m3 of water, i.e. 98.39% of the total volume aprropriated, were
appropriated for irrigaton, which does not mean that this amount was actually pumped.
This number represents the maximum pumg.age allowed for trigazon. Municipal,

industrial, and stock water wells are of only minor importance.

Table 1: Appropriated v ater rights in the s:ucy area

Use type Number of wells  Voiume of water approzsated (m3)  of total
Irrigation 412 1.09 x 17~ 98.39
Municipal 73 1157440% 1.04
Industrial 19 28031C2.2 0.25
Stock water 26 27452713 0.25
Recreational 1 71510 0.06
Total 3531 111 x i%7 99.99

Water use data for 1989 have not been processed ye:. Tre reported water use for

the study area in 1988 is listed in table 2. Tre figures were xincly trovided by the
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Groundwater Management District. A total of 6.4 x 108 m3 of water were used. 98.3% of
this amount was used for irrigation and 1.35% for municipal purposes, i.e. drinking water.
Usages for stock water, domestic, industrial and recreational purposes were all less than

L7

1%. ' e

Table 2: 1988 water use in the study area

Use type Volume of water used (m3) % of total
Irrigation 6.26 x 108 98.3
Municipal 8593726.4 1.35
Stock water 146205.4 0.23
Domestic 9888.7 0.002
Indusmial 198574.6 0.03
Recreational 1332910 0.05
Total use 6.37 x 108 99.96

The difference in numbers between the maximum amount of water appropriated
(1.1 x 10% m3) up to September 1989 and the total éxnount of water used in 1988 (6.4 x
108 m3) is partially due to the existence of old water ights. Water rights do not expire.
There may be no well anymore at a given location, but the appropriated water right to pump
so many m?3 of water still exists. In addition, many farmers use the system of rotation
irrigation, comparable to crop rotation. They have more than one irrigation well, but do not
use all their wells every year, depending on the kind or crops they grow on the particular
fields.

Table 3 gives an overview of averages of: a)water level changes from 1950 to
1988, b)% saturated thickness changes from 1950 to 1989, c) the change in saturated
thickness for the same time period reported in meters. d) water level changes from 1988 to
1989, and e) depth to water in 1989 for nine counties included in the study area
(Townsend, et al. 1989). The counties which are only partially inside the boundaries of the

study area, i.e. Cheyenne, Rawlins, Decatur, Graham, Gove and Logan counties, were
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included as a whole in the table, whereas Wallace County was not included at all, because it
contributes the least area to the study area. ‘

Water Jevel changes from 1950 to 1989 as well as water level changes from 1988 to
1989 are based on wells completed in the Ogallala formation and in Quaternary deposits.
Depth to water as well as % change in saturated thickness from 1950 to 1989 and saturated
thickness changes in feet for the same time frame are reported separately for Ogallala wells
and Quaternary wells. The number of observation wells each average value is based upon
is given in parentheses.

The greatest water level changes for the period from 1950 to 1989 occurred in
Sherman, Sheridan, and Thom:as counties. The Ogallala aquifer in these counties also
shows the highest values for saturated thickness (Fig. 31). A broad band of saturated
thickness reaching up to 55 m in Sherman County crosses the study area from west to east,
mostly influencing the afore mentioned counties. Thus irrigation is by far more commbn
here than in the other counties of the study area, causing the large declines of the water
table.

The saturated thickness map (Fig. 31) also shows the discharge boundary of the
Ogallala aquifer in northwest Kansas. This boundary reaches through Wallace, Logan,
Gove, and Graham counties and Cheyenne County in the northwest. This means that the
Tertiary deposits of the Ogallala formation are thinning out in these areas, saturated
thickness of the deposits declines accordingly and irrigation is not as common. Thus the
water level declines here are not as severe.

Jenkins & Pabst (1975) list areas suitable for irrigation overlying 15 m of saturated
thickness and estimated water in storage for six counties in northwest Kansas: Cheyenne,
Decatur, Rawlins, Sheridan, Sherman, and Thomas counties (Table 4). These data are

based on saturated thickness in 1973 in this area, but the general trend is still true.
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Table 4: Total area, area suitable for irrigation overlying 15 m of saturation, and estimated
volume of ground water in storage for counties in the study area in 1973

-

Area suitable for irrigation

and overlying 15 m Estimated water

County Total area (km2) of sawration (km2) in storage (m3)
Cheyenne 2660 1191 1.11 x 1010
Decatur 2328 311 3.70 x 109
Rawlins 5382 803 9.86 x 109
____Sheridan 2313 1243 1.23 x 1010
Sherman 2732 - 1878 2.22 x 1010

x 1010

Thomas 2771 1917 1.60

Sheridan, Sherman and Thomas counties show the most amount of water in storage
and the most area suitable for irrigation overlying 15 m of saturation. 69.1% of the total
area in Thomas County is suitable for irrigation and meets the saturation criterion. For
Sherman and Sheridan counties the numbers are 68.7% and 53.8%, respectively.

Cheyenne County shows 44.8% of the entire county as suitable for irrigation and
overlying 15 m of saturated thickness, one of the reasons being the discharge boundary of
the Ogallala aquifer crossing the county. Although the county has only 9% less area
suitable for irrigation than Sheridan County and the difference in water in storage is only
1.2x 109 m3 irrigation seems to be not as common in Cheyenne County. The water level
decline from 1950 to 1989 in Cheyenne County is 2.8 m on the average compared to a
decline of 6 m in Sheridan County (Table 3).

Rawlins and Decatur counties show the least amount of suitable land for irrigation:
14.9% and 13.3%, respectively.

For comparison the ground water in storage based on saturated thickness in 1977
(O'Connor & McClain, 1982) is listed in table 5 for counties in the study area. All 1977
data are lower than the 1973 data in 1able 4, indicating a water level decline. The great
difference in numbers for Sheridan County may be due to the numbers and locations of

wells used for generation of the data as well as to individual contouring.
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Table 5: Estimated volume of ground water in storage in the study area in 1977

. County Volume of water (m3)

Cheyenne 8.13 x 109
_ Decawr 3.56 x 109
- Graham 3.45 x 109
Rawlins 3.83 x 109
Sheridan 5.00 x 109

Sherman 1.71 x 1010
Thomas  _..— 1.3 x 1010

From table 4 and table 5 it becomes obvious that the counties with the greatest water
level decline coincide with the counties with the most irrigation.

Saturated thickness declines simultaneously with the water table. The average %
change in saturated thickness for all eight counties together is 17%. Only one county,
Decatur County, shows a positive change of 0.6% for the Ogallala aquifer (table 3).
However, the average water level decline from 1950 to 1989 for Decatur County includes
an average decline of 5 cm for the 11 Ogallala wells monitored. The change in saturated
thickness in feet from 1950 to 1989 is also negative for the Ogallala wells. These facts
imply an error in the data base used for the calculation of the % saturated thickness change
for the Ogallala wells in Decatur County.

Compared to the other counties listed in table 3, Decatur County apparently uses
very little ground water. Not many wells seem to tap the Ogallala aquifer in this county,
probably because of low saturated thickness values (generally below 15 m) ard an average
depth to water of 32 m. Most ground water used apparently comes from alluvial wells as
indicated by the decline of 7.1% for satwrated thickness from 1950 to 1989 ard an average
water level decline of 0.5 m for the same period compared to a decline of only 5 cmin the
Ogallala wells.

Prairie Dog, Sappa and Beaver creeks are partially perennial in Decamur County

(Fig. 12), which provides an additional water source and may also influence the amount of




76

ground water pumped. Precipitation could also be a factor. The weather station in Decatur
County recorded higher precipitation rates here than in Thomas, Sherman or Sheridan
counties (Fig. 5).

- -The a;té for Graham County (table 3), except for the depth to water, are entirely
based on Ogallala observation wells. No data for Quaternary wells were available. Here as
well as in Decatur County the water level decline over the 39 year period is minimal: 30 cm.
Little irrigation, caused by satufated thickness values generally lower than 15 m., fhe
discharge boundary of the Ogallala aquifer crossing the county and the presence of a
perennial stream may be the cause.

Water level changes from 1988 to 1989 are, with the exception of Decatur County,
all negative. The average decline over the entire nine county area is 30 cm. The spatial
distribution of the declines varies considerably, depending on withdrawal rates,
precipitation and recharge in the individual counties. The maximum decline of 0.65 m
occurred in Rawlins County, followed by Thomas, Cheyenne, Gove and Sherman
counties. 1988 and the first half of 1989 were exceptionally dry, which explains these great
declines occurring in just one year. Fig. 32 shows the 1987/1989 water level contours in
the study area.

Average depth to water in 1989 was 41.05 m in the Ogallala wells and 4.8 m in the
Quaternary wells. These numbers are of course dependent on the topography, but they
indicate the general status quo.

Fig. 33 shows water level changes from March 1989 to December 1989 in the wells
used for this study. Well locations are depicted in Fig. 34. All wells shown are completed
in the water bearing Ogallala formation. Except in the wells of site 11, all water level
measurements were made using an electric tape. The water level at site 11 exceeded the

reach of the electric tape, so that a chalked steel tape had to be used. All measurements are

reported in meters below land surface.
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Only one well was measured at sites 3 and 11, whereas at sites 6, 10, and 12 up to
three wells screened at different depths of the aquife} were present.

These water level measurements are only intended to show the general trend
regarding the behavior of the water table. Measurements were only taken"cfrié;a month and
the time between measurements differs from month to month. However, all water levels
were either measured on the same day or on two consecutive days in each month. Water
levels in well clusters were always measured on the same day. Some of the fluctuations in
the water levels may have been caused simply by small errors reading the tape. Only one
measurement per well was taken, which especially regarding measurements with a steel
tape may represent a source for errors.

The average water level decline in the nine wells monitored from March to
December 1989 is 63.44 cm.

The well at site 3 is screened from 37.2 m to 46.3 m below land surface and shows
a water level decline of only 7 cm, although there is an irrigation well about 800 m to the
north of it. The irrigation well was probably not operating during the time period the water
level measurements were taken. The location of the well in a playa-like depression may
influence the rate of recharge and thus the decline of the water level.

At site 6 three wells were monitored, all of them completed in different parts of the
aquifer. Well 6a is screened from 33.5 m to 36.6 m below land surface, well 6b is screened
from 47.7 m to 45.7 m below land surface, and well 6¢ is screened from 51.8 mto 57.9 m
below land surface. Wells a and b were installed in a well nest, well ¢ is located 3.3 m
away. A difference in elevation between the well nest and well ¢ may explain the higher
water level in well c. Water levels in wells a and b declined 8§ cm and 7 cm, respectively,
whereas well ¢ shows the same water level in March as in December.

The water level in the well monitored at site 10a declined 17 cm from March to
December 1989. The relatively sharp decline of 18 cm from May to June in this well may

be due to the pumpage of a stock well located about 30 m away from the monitoring well.
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But more likely the use of a steel tape instead of an electric tape for measuring the water
level was the cause. The steel tape was only used for the June measurement. The sharp
decline from May to June and the nearly identical rise from June to July may attest this use
of a different measuring device, especially since all the other measurements show a more or
less smooth decline of the water level throughout the period monitored.

The two wells monitored at site 10 are 2 m apart and are screened at a depth from 4
m to 7 m and 27.7 m to 32.3 m, respectively. Both wells show a more or less identical
decline in water levels, the difference from March to December being 49 cm in the shallow
well and 51 cm in the deep well. This amount of decline is fairly close to the afore
mentioned average decline of 30 om for the entire nine county area in which the study area
is located.

Site 11 is the only site measured consistently with a steel tape because of its deep
water level. This may account for some of the adverse fluctuations of about 7 cm to 8 cm
observed in the hydrograph for the period from April to June. The wells are installed in a
well nest, so no morphological differences influence the measurements. Screened intervals
are from 53.3 m to 59.4 m below land surface in well 11a, and from 68.6 m to 73.1 m
below land surface in well 11b.

It is certainly not the best method to use a chalked steel tape in a two inch well,
because condensation tends to occur along the inner walls of the casing wetting areas on the
tape that could be mistaken for a water level reading. Also, the water on the tape tends to
dry off very fast due to the high evaporation rate and this too may introduce small errors
reading the tape.

The most striking feature of the hydrograph is however the parallel decline of nearly
2 m from March to April. Fig. 35 depicts the location of irrigation wells in the vicinity of
the site. Most of the wells are situated to the northeast, east, and southeast of the site, the
closest ones being about 1.6 km away. The sharp decline of the water level can thus be

attributed to the onset of the irrigation season sometime during the month of March. It
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seems that the influence of the cones of depression is reflected in the behavior of the water
table. N

In December and October the difference between water levels in wells a and b is
28 cm. An error in reading the measuring tape seems to be unlikely, becausé that would
mean that the identical error was made twice, in October and in December. A 4.9 m thick
clay lefi is present in the area between the screens of the two wells, i.e. between the end of
the screen in well a and the beginning of the screenéd interval in well b. However, it is
peculiar that the clay lens effects the water levels only as of October and not before. A
possible explanation may be this: Until the end of September the majority of irrigation wells
around the site were pumping and water levels in wells a and b were influenced
simultaneously by the cones of depression. By the end of September only the well(s)
influencing well b either continued pumping or were just started for pre-irrigation. The clay
lens inhibited the drawdown to extend to well a. Thus as of the end of September a perched
water table becomes recognizable at this site.

The water leQel in well b declined 24 cm more than the one in well a over the
period monitored. Well a declined 2.04 m from March to December, whereas well b
declined 2.28 m. Water levels in both wells were higher in December than in October. It
can be assumed that water levels will continue to rise until April 1990 when the next
irrigation season begins.

Seven of the nine wells monitored show a slight water level rise from October to
December, which is probably due to a decrease in ground water deménd. The main
irrigation season generally ceases in September and not many farmers in this area pre-
irrigate their field for the next growing season.

In general, the Ogallala aquifer in northwest Kansas loses water due to discharge to
wells, streams, springs, and evaporation and evapotranspiration where the water table is

very shallow.
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Discharge to wells accounts for the biggest ground water loss, whereas perennial
streams and flowing springs are very rare in the study area. The South Fork Republican
River in Cheyenne County and the South Fork Solomon River in eastern Sheridan County
and Graham County are the only perennial streams in the study area.

The intermittent streams generally run only during and shortly after rainfall events

for short periods of time, thus contributing water to the aquifer.

i

The Saline River south of Hoxie in Sheridan County, an intermittent stream, was
observed to carry water for a few months in 1989. Standard inorganic chemical analyses
performed on a water sample taken March 27, 1989 indicate baseflow. The stream went
dry sometime between the middle of April and very early June.

Recharge to the Ogallala aquifer in northwest Kansas is mainly from precipitation.
All water exceeding crop requirements and field capacity of the soils eventually reaches the
ground water table. However, loess has a large field capacity of about 26% to 29% by
weight (Meyer et al., 1953). Loess deposits, which mantle most of the upland areas in
northwest Kansas, can thus absorb large volumes of water and will significantly reduce the
amount of water reaching the water table. On the other hand, as will be pointed out later,
macropore flow may circumvent this behavior.

Recharge to the aquifer is also taking place by irrigation return flow. But for the
study area this just means that water previously pumped for irrigation purposes from the
Ogallala aquifer is partly being returned to it. Thus it represents no real gain as far as
recharge is concerned. No surface irrigation practices are used in the study area.

Some recharge is derived from ground water inflow along the Kansas/Colorado
border (Stullken et al., 1985, O'Connor & McClain, 1982), with flow occurring from
areas with higher hydraulic heads in Colorado to areas with lower pressure heads in
Kansas.

Estimates of recharge rates for northwest Kansas vary: 7 mm/year to 14 mm/year in

Gove, Logan, and Wallace counties (McClain et al., 1975), 6 mm/year in the entire
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northwest Kansas area (Jenkins & Pabst, 1975), and from 4 mm/year to 14 mm/year for all
of western Kansas, including northwest Kansas (O'Cor;nor & McClain, 1982): The
Groundwater Management District of northwest Kansas uses 9 mmyyear for a recharge
figure, including 3 mny/ year from irrigation return flow (Bossert, 1990, pers: camm)
Recharge along streams and in areas of undrained depressions is regarded to be

above normal, although no specific figures are cited in the literature.

round Water li

Ground water derived from the Ogallala formation in northwest Kansas is generally
of very good quality, suitable as drinking water and for irrigation purposes. Locally,
fluoride concentrations can exceed the U.S. Environmental Protection Agency primary
drinking water standards, but all other constituents are usually well below recommended
limits.

Because of the great depths to water, Ogallala ground water is not easily
contaminated. However, point source pollution due to commercial feed lots, septic tanks,
sewage treatment ponds, landfills, oil field disposal wells, back syphoning of irrigation
wells and improper well construction and grouting procedures can occur if proper care is
not taken. \

Low precipitation and recharge rates as well as the extensive loess cover reduce the
risk of contamination but can not eliminate it. The most likely cause of long term changes in
the quality of Ogallala ground water is irrigation combined with chemigation, i.e. generally
speaking pollution caused by agricultural practices.

Nitrate problems which are very common in central and south central Kansas due
to the presence of sandy soils in that area, are thus far of no concern in northwest Kansas.

Hathaway et al. (1979) reported on ground water analyses from 315 pumping
irrigation wells in Cheyenne, Decatur, Gove, Logan, Rawlins, Sherman, Sheridan,

Thomas and Wallace counties and the western half of Graham County, an area including
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the study area. They found that the ground water is a calcium-bicarbonate to calcium-
magnesium-bicarbonate type water. In the western part of northwest Kansas, where Pierre
Shalé represents the bedrock, the ground water tends to be more of a calcium-magnesium-
bicarbonate typé Water, whereas in areas where Niobrara Chalk underlies the Ogallala
formation, i.e. in the eastern part of northwest Kansas, the ground water is generally a
calcium-bicarbonate type water. A tra/psition toward sulfate type waters seems to occur in
the shallow alluvial ground water;Water derived from alluvial deposits generally is of
poorer quality compared to Ogallala ground water with concentrations of mainly calcium,
sodium, magnesium, sulfate, and chloride being elevated.

Long term irrigation with Ogallala ground water does not induce a detrimental effect
on the soils. The water is described as being of medium salinity-low alkali hazard
(Hathaway et al., 1979).

A detailed discussion of the standard inorganic analyses performed on ground
waters sampled in the study area during the period from November 1987 to August 1989 is

given in chapter 8.
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Chapter 7

Analyzed constituents
Tritium

Tritium or 3H is a slightly radioactive hydrogen”fsadpe and has the least natural
abundance of all the hydrogen isotopes: about 10-16 % (Vinogradov et al., 1968). For
comparison, protium and deuterium make up 99.984 % and 0.0156 %, respectilgly.

The tritium concentration generally is reported in TU (tritium units), :v;m 1TU
equals 1 tritium atom per 1018 hydrogen atoms and corresponds to 3.2 x 10-12 curie
tritium/liter water (Rauer, 1971).

When the radioactive nature of tritium was discovered in 1939 (Alvarez & Comog,
1939), it was thought unlikely to detect the isotope in nature. In 1946 Libby postulated the
natural production of tritium by cosmic ray interaction, and in 1949 tritium concentrations
in atmospheric hydrogen were measured for the first time in the vicinity of Hamburg
(Faltings & Harteck, 1950). In 1951 von Grosse et al. proved the existence of tritium in
Norwegian lake water.

Tritium is produced naturally in the atmosphere, lithosphere and hydrosphere. By
far the main production of tritium occurs in the upper atmosphere by the interaction of
cosmic ray neutrons with nitrogen atoms according to the reaction 14N+n — 3H+12C
(Libby, 1946). A reaction of protons with oxygen atoms according to 160+p — 3H+140
(Ferronsky & Polyakov, 1982, Vinogradov et al., 1968) can produce tritium as well.

Various rates of production are can be found in the literature. Fireman (1953) was
the first to publish an average production rate of tritium in the atmosphere. According to his
calculations the rate was 0.1 to 0.2 tritium atoms/cm2/sec. Subsequently rates of 0.123
tritium atoms/cm?/sec (Kaufman & Libby, 1954), 0.14 tritium atoms/cm?2/sec (Begemann
& Libby, 1957), 1.06 tritium atoms/cmZ2/sec (Begemann, 1959), 0.6 tritium atoms/cm?/sec
to 1.3 tritium atoms/cm?/sec (Wilson & Fergusson, 1960), 0.2+/-0.5 tritium atoms/cm?/sec

(Teegarden, 1967) were published. Begemann (1962) mentioned the calculations of Craig
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& Lal (1961) and Lal & Peters (1962) as being the most reliable. Their values of 0.5+/-0.3
tritium atoms/ecm?/sec and 0.25 tritium atoms/cm?2/sec are also the ones cited and used in
the more recent literature (ex. Freeze & Chérry, 1979, Faure, 1977, Dincer & Davis,
1967). | T

According to Vinogradov et al. (1968), the rate of production is highest at an
 altitude of 10 km, i.e. in the troposphere. However, Begemann (1962) states that 66% of
all cosmic ray produced tritium is derived from the stratosphere, and only 34% are
produced in the troposphere. Job (1970) assumes a maximum tritium concentrations in the
range of 20-25 km altitude, based on the distribution of ozone and strontium-90 in the
stratosphere.

In the lithosphere tritium is produced by neutrons derived from spontaneous fission
of uranium and more importantly by bombardment of alpha particles from the decay of
uranium and thorium in rocks (Morrison & Beard, 1949). The generated neutrons react
with lithium traces in rocks according to 6Li+n — 3H+4He and form tritium (Kaufman &
Libby, 1953, Vinogradov et al., 1968).

The tritium production from terrestrial sources is very small, Kaufman & Libby
(1954) give a production rate of 0.001 tritium atoms/cm?/sec for a layer of igneous rocks
1 km deep.

The production of tritium in the hydrosphere due to the reaction with lithium is even
smaller and can be considered negligible. The great abundance of light hydrogen isotopes
acts as a sink for the neutrons, thus preventing their absorption by lithium (Kaufman &
Libby, 1954).

Tritium decays by beta-emission to 3He, the particles having maximum energies of
only 18 KeV. The health hazard induced by tritium is thus negligible, the maximum
permissible concentration in water is 0.003 pc/ml above natural background (U.S. Atomic
Energy Commission, 1960). One curie unit corresponds to 3.7 x 1010 disintegrations per

second, equivalent to the radioactivity of 1 g of radium. Most trittum will pass through the



89

body in the matter of a few weeks and will not become fixed in bones or organs (Davis &
DeWiest, 1966). The biological half-life of tritium ranges from 5 - 11 days (Job, 1970).

Different publications cite different half-lives for tritium, ranging from 12.43 years
(Ferronsky & Polyakov, 1982) to 12.6 years (Vinogradov et al., 1968, Rauert, 1971,
Athavale et al., 1980). Begeman (1962) gives a half-life of 12.3 years, which is adopted by
Freeiigc Cherry (1979), and Fontes (19'80) list 12.35 years as a half-life.

In the calculations done for this study a half;life of 12.3 years was used for tritium.

The natural background of tritium in precipitation is largely dependent on the
sample location. It can vary from roughly 5 - 20 TU (Larson, Delcore & Offer, 1987). An
average of 8 TU was found in Chicago precipitation (Kaufman & Libby, 1954, Begemann
& Libby, 1957). Brown (1961) found a mean value of 15 TU based on his studies in the
Ottawa Valley, Canada. The average tritium concentration in precipitation on the North-
American continent is 6+/-2 TU according to Craig & Lal (1961). Roether (1967) analyzed
German wines made from grapes grown before the onset of thermonuclear bomb testing,
the results indicated 5.5+/-0.7 TU as a mean value of tritium concentration in precipitation.
Many authors tend to give a range of tritium concentrations rather than a specific value: 5-
20 TU (Payne, 1972), 4-25 TU (Gat, 1980), < 20 TU (Fontes, 1980), and 0.1-10 TU
(Suess, 1969).

The amount of tritum in precipitation is governed by several factors.

1. Seasonal variations: A pronounced tritium increase can be observed in late
spring/early summer, whereas a minimum tritium concentration in precipitation occurs in
late fall and winter. Precipitation samples collected in Sindorf/\W-Germany from March
1960 to December 1961 indicated a maximum of about 200 TU in May and June and a
minimum of about 20 TU in November 1960 (Israel et al., 1963). According to Roether
(1967), the tritium concentration generally is greater by a factor of 5 in spring/early

summer compared to the winter minimum.
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This trend in increasing and decreasing concentrations parallels the ones of
strontium-90, caesium-193, and ozone (Job, 1970). T‘he cause fo; this seasonal behavior is
a larger exchange of air masses between troposphere and stratosphere in the spﬁng,- due to
a general change in air circulation in the atmosphere during this time. Tropospheric -- )
upwinds in the equatorial region rise to the stratosphere, follow the temperature gradient to
higher latitudes, and subsequently sink back to the troposphere. Tritium is thus carried
from the stratosphere down to the troposphere and rains out with precipitation.

2. Latitude effect: The exchange of tritium between stratosphere and troposphere
occurs mainly at higher latitudes. A gradient of tritium concentrations in precipitation is
present from the equator to the polar regions. The tritium fall-out maximum is located
around 55 °N latitude, according to data published by Thatcher & Payne (1965). The IAEA
(1967) gives an approximate latitude of 50 °N for the maximum concentration of tritium in
precipitation. |

3. Continental effect: Air masses over continents are much more enriched in tritium
than air masses above oceans. Also, there is a general increase in tritium with increasing
distance from the coast (fig. 36).

Oceans act as a sink for tritium. Tritiated water vapor is diluted by uprising, more
or less non-tritiated vapor derived from the ocean surface waters; seawater has a tritium
concentration of 1 TU (Job, 1970). In addition, molecular exchange between the vapor
phases takes place. Thus the moisture depleted in tritium coming in from the oceans causes
low tritium concentrations in precipitation in coastal areas.

Over the continents a part of the tritium rained out by precipitation is gained back by
evaporation. According to Ferronsky & Polyakov (1982) the re-evaporated moisture has
approximately the same tritium content as the atmospheric fall-out. Additionally, no

molecular exchange with non-tritiated water or vapor phases takes place over the

continents.
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Besides being produced by natural sources, tritium in large amounts was injected
into the atmosphere by thermonuclear bomb tests since 1952. Tests were undertaken
mainly by the U.S., the U.S.S.R. and the U.K.

Up to about 1957 the energies of the explosions were not very high and altitudes at
which the explosions took place were intermediate. Thus the tritium emitted generally did
not reach the stratosphere, but fell out with precipitation over a sxort period of time. Grant-
Taylor & Taylor (1966) give a ime frame of 1 - 2 months before the tritium content in
precipitation subsided to pre-bomb levels.

Starting with the U.S. "Hardtack™ test series in summer of 1958 in the Bikini area
of the Pacific, high altitude tests - 4 10 7.5 km - began (Ferronsky & Polyakov, 1982). The
1961/62 test series by the U.S. and the U.S.S.R. released two times the energy of all the
tests during 1954 to 1958, and due to the explosions taking place at high altitudes, a large
amount of trittum was stored in the stratosphere. Ferronsky & Polyakov (1982) mention a
value of up to 200 kg of tritium being stored in the stratosphere. Fergusson (1965) lists a
release of 173 megatons tritium due to the thermonuclear explosions from 1954 to 1958,
whereas the 1961 tests injected 120 megatons, and the 1962 tests injected a total of 217
megatons. Accordingly, the trittum content of precipitation in 1963 was 2 to 3 orders of
magnitude greater than the normal background level (Fontes, 1980). The highest tritium
measurement for a single month was recorded in April 1963 at White Horse , Yukon:
10.000 TU (Thatcher & Payne, 1965).

Fig. 36 depicts the writium distribution in precipitation in 1964 for different locations
within the U.S.. The data were compiled by the IAEA (Intemational Atomic Energy
Agency), which monitors stations throughout the world on a moathly basis for trittum,
deuterium, and oxygen-18.

After the moratorium on atmospheric testing agreed upon by the U.S. and the

U.S.S.R,, tritium levels in precipitation siowly subsided until tests carried out by France
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and China in the late 1960's injected more tritium into the ggnosphere. But the amount of
tritium releaséd by these later tests is ’insigniﬁcam compared to the tests in 1961/62.

The mean residence time for tritiated water in the atmosphere apparently varies.
According to Libby (1956) stratospheric fission productslli‘é;é a mean residency of 10
years, however, in 1959 he mentioned a mean stratospheric halflife of less than 1 year for
artificially injected tritium. A 10 year atmospheric residence time is also assumfggy Martell
(1963) for tritium injected by the Soviet test in 1961. Rauert (1971) postulates an average
residence time of 2 years in the stratosphere before tritium reaches the troposphere and is
subsequently rained out in a few weeks. Gat et al. (1962) observed a mean residence time
of 3 years for stratospheric tritium injected during or prior to 1959/61. For the tritium
injected by the U.S. "Castle" test in the spring of 1954 Begemann & Libby (1957)
calculated a total 40 days atmospheric residence time. In 1956 Begemann postulates 40
days as being the "mean wash-out time” of the atmosphere, more or less up to the altitude
of the troposphere. Brown & Grummitt (1956) observed a halflife of 35 days for wash-out
of tridum injected by the Pacific tests in 1954 based on the tritium content in Ottawa
precipitation. The mean residence time in the troposphere is given as 5 to 20 days by Gat
(1980). More recent authors tend to give a range of residence time values for tritium in the
stratosphere rather than a specific number, mostly from 1 to 10 years (Faure, 1986, Gat,

1980).

Trtium input function for the study area

Two precipitation samples were collected in the study area. In November 1987 the
amount of tritium in precipitation was 14.9+/-1.2 TU, and in October 1989 &e
concentration was 26+/-8 TU.

Based on these two samples, a background level of about 20 TU during the period
of potential recharge to the aquifer is assumed for the study area. Recharge takes place

mainly in fall and winter when the ground is not frozen, and in spring. The maximum late
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spring/early summer tritium concentration mentioned above would thus generally not effect
the tritium content in recharge to the Ogallala aquifer, unless rains in late spring/early
summer would exceed the rate of evaporation. The 30 year average of precipitation and
evaporation (fig. 7) shows that in general evaporation outweighs precipitation during the
summer.

The/nctwork of sampling stations for witium in precipitation operated by the IAEA
does nof include a station in Kansas. The closest monitof stations to the study area are
‘Denver, Colorado, and Lincoln, Nebraska. These stations are also located in the directions
(north and west) most of the frontal systems approach northwest Kansas during the period
of late fall to late spring, the time when precipitation most likely becomes recharge to the
Ogallala aquifer.

However, in 1968 the Denver sampling program was abandoned. As a substitute
the sampling station in Salt Lake City, Utah, was chosen in order to obtain a westerly
component for tritium input in precipitation for the study area.

The station with the longest record providing informasion regarding triiurm
concentrations in precipitation is Ottawa, Canada. The record starts in 1952, whereas the
Denver, Lincoln, and Salt Lake City stations began 1o operate in 1964.

Fig. 37a shows tritium concentrations in precipitation for Ottawa, Lincoln, and Salt
Lake City, unweighted for precipitation, and fig. 37b depicts the tritium for the afore
mentioned stations weighted for precipitation collected at the respective stations. The tritium
as well as the precipitation data were taken out of TAEA publications (1969, 1970, 1971,
1973, 1975, 1979, 1983, 1986). The following equation was applied for weighting of the
tritium concentrations:

Weighted mean tritium concentration =

monthly precipitation x monthly isot
(monthly precipitation)
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It is obvious that the trend at all three stations remains the same, even after the
tritium data afe weighted. Lincoln and Salt Lake City are located roughly on the same
lati‘t‘ude, 40.82 °N and 40.77 °N, respectively. Ottawa is located farther to the north, at
44.42 °N fatitude.

The highest concentrations of weighted tritium are displayed by the Salt Lake City
station, possibly caused by a hi glf\:gporation rate and its proximity to the Nevada test site.

However, the data from the stations Lincoln, Salt Lake City, and Ottawa are spaced
close enough to derive an approximate tritium input function for the study area.

Fig. 38 depicts the weighted mean tritium concentrations in precipitation from 1953
to 1984 for the combinations Hoxie-Denver/Lincoln, Hoxie-Lincoln/Salt Lake City, and
Hoxie-Ottawa. The total yeraly tritium concentrations from Denver, Lincoln, Salt Lake
City, and Ottawa were weighted for precipitation at Hoxie, the closest weather station to
site 11, the site most closely studied. Thus it is possible, to estimate the tritium input
function for that particular area and the study area in general.

The trend in tritium concentration in precipitation for all three combinations is
identical from 1964 onward. For the time period from 1953 to 1963 only tritium data from
the Ottawa station were available. The Hoxie-Ottawa curve shows the peak tritium
concentration in precipitation in 1963 with 3597 TU, and because the general trend for all
three stations is the same after 1964, this is assumed to represent an approximate value for
the peak tritium input in precipitation for the study area.

In order to correct a measured concentration of tritium for radioactive decay, the

following equation was applied:

TUmeasured

..A_t X 2
tiy2

where: At = the difference in years between the time of sample collection and the
time for which the decayed triium concentration is to be calculated,
t}/2 = tritium half-life

TUcorr.=
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Figure 38: Mean annual tritium concentrations in precipitations from 1953 - 1284 for

different combinations of recording stations and the respective tritium concentrations
left in 1989 after radioactive decay
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Fig. 38 also shows the concentration of tritium that wpuld be left in 1989 after
radioactive decay. The residual peak‘tritium concentration Qould now be about 815 TU.

The peak started to develop in 1962, the ti‘i‘tium concentration in precipitation at that
time was 1193 TU in the study area. High energy thermonuclear tests during the years
1961/62 caused the tritium peak, indicating a time lag of about 1 year before the full effect

of the tests documented itself in precipitation. -

Fig. 39 depicts precipitation, evaporation, and the tritium content in preb_ipitaﬁon for
1963 in the study area. To calculate the tritium concentration in precipitation, data from the
Ouawa station were weighted for precipitation recorded at the Hoxie weather station. The
mean annual weighted tritium concentration in precipitation of 3657 TU is shown as well as
the tritium content of 831 TU left in 1989 after radioactive decay. Both, the 1963 and the
1989 tritium average do not take evaporarion into account. From April to September, the
months when evaporation was measured, the amount of precipitation always was smaller
than the amount of evaporation. Thus only from October to March could tritiated
precipitation possibly have infiltrated the ground. Based on this assumption, the highest
monthly input into the unsaturated zone could was 4141 TU in March. This value is
weighted for precipitation at the Hoxie weather station.

In 1964 the situation is similar (fig. 40). Evaporation from April to September
exceeds precipitation, the highest amount of tritium possibly entering the unsaturated zone
in a single month is 3029 TU in February.

In 1965 precipitation exceeded the amount of evaporation in June, i.e. only 7.2 %
of the precipitation exceeded the amount of evaporation.

Assuming evaporation to be less than the amount of precipitation from October to
March, tritiurﬁ input into the unsaturated zone took place mainly during this period.
Excluding the months where evaporation rates exceed the amount of precipitation, and

assumning conditions favorable for infiltration from January to March and from October to
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December, the following total tritium input into the unsaturated zone results for the study
area: 775 TUin 1962, 2008 TU in 1963, 2291 TU in 1964, 1899 TU in 1965. The tritium
input for 1965 includes tritium input in the month of June in addition to the period from
January to March and October to November. The afore mentioned values represent only
very rough estimates, because they were calculated under the assumption that no
evaporation takes place from QOctober to March, which is probably not quite correct. But no
evaporation data were availabic for this period. At the same time any enrichment of tritium
by evaporation was also neglected. The uptake of tritium by plants was not accounted for
as well, however, this factor probably does not amount to much.

Applying a halflife of 12.3 years, tritium concentrations left in 1989 after
radioactive decay would be 170 TU left from 1962, 457 TU left from 1963, 542 TU left
from 1964, and 468 TU left from 1965.

Table 6 lists the tritium concentrations left in 1989 after radioactive decay from
1953 to 1984, taking only precipitation from October to March into account.

" For comparison fig. 39 and fig. 40 also show the weighted tritium concentrations
left in 1989 from the fall-out in 1963, 1964. and 1965 assuming uniform recharge over the
respective years, i.e. without taking evaporation rates into account. As one would expect,
the mean tritium concentration in precipitation for a whole respective year is greater than the
amount calculated for the six months period from October to March. The values are 265.2
TU left from 1962, 831 TU left from 1963, 680 TU left from 1964, and 399 TU left from
1965.

Fig. 38 indicates that the writium concentrations in precipitation abruptly started to
increase in 1962 and dropped very sudden in 1965. Thus it is possible to average the
tritium concentrations for these four vears to obtain one peak tritium value. Doing so results
in the concentration of 409 TU that could be present in the unsaturated zone in 1989 after

radioactive decay, assuming the tritium is still in transit, thus depending on the thickness of
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the unsaturated zone. However, as mentioned above, this number only represents a very

rough estimate.

Table 6: Tritium concentrations left in 1989 from precipitation during the period from 1953
to 1984 (recharge period only)

Year Tritium concentration (TU) in 1989
1953 5.4*%
1954 26.0
1955 5.2
1956 13.9
1957 18.0
1958 53.9
1959 113.0
1960 22.0
1961 58.5
1962 170.0
1963 457.0
1964 542.0
1965 468.0
1966 94.7
1967 56.7
1968 59.4
1969 47.5
1970 135.8
1971 32.6
1972 19.7
1973 22.0
1974 21.1
1975 16.5
1976 20.1
1977 23.0
1978 27.9
1979 13.8
1980 18.1
1981 21.3
1982 19.5
1983 13.7
1984 14.6

*From October to December 1953 only
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en- rium
Both, oxygen-18 and deuterium are stable isotopes and occur naturally. Similar to
* tritium, as part of the water molecule they are not influenced by chemical or biological
effé/cwts/t’hat may influence dissolved constituents in water. Thus they represent useful
conservative tracers.

1016 water molecules with the normal isotopic composition H!60 contain about
2000 molecules H2180 and about 320 molecules HD!60 (Craig & Gordon, 1965).

In 1929 oxygen-18 and oxygen-17 were discovered in natural materials (Giauque &
Johnston, 1929). Accurate measurements regarding the natural abundances of oxygen
isotopes succeeded with the arrival of improved mass spectrometry techniques. Nier (1950)
published the currently accepted values for the relative abundance of isotopes in air oxygen:
016 = 99.759%o, 017=0.0374%¢, 018=0.2039%, resulting in an O18/016 ratio of about
1:489. However, the oxygen-18 content of air oxygen can vary as much as 10%¢
depending on location (Gat & Gonfiantini, 1981). Thus in 1961 oxygen as a standard for
atomic weights was dropped and replaced by Carbon-12.

Deuterium or 2H was discovered by Urey in 1931. He named the newly found
isotope deuterium, because it has nearly twice the mass of hydrogen. In 1934 Urey
received the Nobel price for his discovery. Maximum limits of deuterium variations have
been found to be about 70%ec, the high value being caused by the large mass differences
between deuterium and protium (Ferronsky & Polyakov, 1982, Faure, 1986).

Oxygen-18 and deuterium both are usually reported relative to the reference
standard established by Craig (1961): Standard Mean Ocean Water (SMOW). The isotopic
data are expressed as the relative ratio to the more abundant isotope. In the case of oxygen-
18 the ratio of 180/160 and for deuterium the ratio of 2H/H is reported. Written in a

general form the following equation is valid:
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§ lsO:[M—I]XIOOO
Rstandard

The unit is pa}ts per thousand or permil (%c). A negative 8-value indicates a sample
depleted in the heavy isotopes with respect to the standard, a positive &-value characterizes
a sample enriched in the heavy component.

The various isotopic species of water have different vapor pressures and freezing
points, based an a difference in mass between oxygen-16 and oxygen-18 and protium and
deuterium. This difference in thermodynamic properties causes a difference in isotopic
composition of waters in the hydrologic cycle.

The process by which a change in isotopic composition occurs is called
fractionation. From a hydrological point of view, the fractionation occurring during
condensation and evaporation is most important, because these two processes are the most
relevant ones to cause changes in the isotopic composition of precipitation.

The lighter isotopes of oxygen and hydrogen display a higher volatility than the
heavier species, caused by higher vapor pressures. Thus when water is evaporated an
enrichment in the heavy isotope component of the remaining water takes place, whereas the
resulting water vapor is depleted in respect to heavy isotopes.

Dansgaard (1964) listed a fractionation factor of 1.08 for HDO and of 1.009 for
H,180, and concludes that vapor in equilibrium with water is depleted about 80 % in
deuterium and 9 % in oxygen-18, relative to the water. However, evaporation processes in
nature do not take place under equilibrium conditions (Craig et al., 1963, Ehhalt & Knott,
1965, Gat, 1970). The enrichment of the remaining water is thus partly caused by kinetic
fractionation. Under non-equilibrium conditions, evaporation occurs so rapidly, that the
fractionation factor is influenced by the diffusion velocities of the isotope molecules in the
surface layer of the water and in the surrounding air (Ehhalt et al., 1963).

In the process of condensation of water, i.e. for example when rain drops are

formed in a cloud by condensation of water vapor, the liquid phase becomes enriched in
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heavy isotopes, whereas the ;cmaining vapor phase is continuously depleted in the heavy
isotoée component. - |

Kirshenbaum (1951) was the first to suggest that atmospheric precipitation is
formed by a Rayleigh~typé/bf<;cess at liquid-vapor isotopic equilibrium, i.e. the process is
slow and the condensate is removed immediately without further interaction with the vapor

phase.

e

The fractionation factors of deuterium and oxygen-18 are highly temperature
dependent. Riesenfeld & Chang (1936) reported ratios of vapor pressures, i.e.
fractionation factors, of H160 to H,180 to be 1.008 at 25 °C and 1.001 at 0 °C. For both,
oxygen-18 and deuterium the fractionation increases with decreasing temperatures. This
temperature dependency leads to various effects, all of which were verified on a global
scale by Dansgaard (1964) based on data collected by the IAEA and the World
Meteomlogical Organization (WMO).

1. Altitude effect: The higher the altitude, the more depleted precipitation becomes
in heavy isotopes. This effect is related to orographic precipitation. Moist air masses ascend
and condensation takes place when the temperature decreases. The preferential rain-out of
heavy isotopes causes depletion of the remaining vapor in the heavy component. Thus the
precipitation becomes subsequently lighter and lighter in isotopic content.

Large variations regarding the isotopic composition of precipitation can occur during one
rain fall caused by temperature changes in the zone of atmospheric condensation in addition
to isotopic depletion (Freeze & Cherry, 1979).

Eichler (1966) reported an altitude effect of -3%¢ per 100 m for deuterium in the
"Mittelgebirge" in Germany, and Moser & Stichler (1970) found the same value analyzing
fresh snow samples collected in the Alps. Bortolami .et al. (1979) found an altitude effect of
about -0.3%o per 100 m for oxygen-18 and a value close to -2.5%¢ per 100 m for deuterium
in the region of the Maritime Alps in northern Italy. A value of -0.44%¢ per 100 m altitude

above sea level for oxygen -18 is given by Foerstel & Huetzen (1982) for Germany.
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According to Gat & Gon»ﬁ}antini (1981) gradients of (.15 to 0.5%¢ per 100 m for oxygen-
lé and gradients of 1.5 to 4%o per 100 m for deuterium are considered to be typical, the
values dependihg on climate and topography. Payne & Yurtsever (1974) found an average
decrease of 0.26%o per 10(/)/m for Oxygen-18 in Nicaragua.

2. Continental effect: deuterium and oxygen- 18 decrease with increasing distance
air masses move laterally from the coast inland. Every ime cooler temperatures are
encountered, the heavier isotopes are preferentially rained out, leaving an air mass
continuously depleted in oxygen-18 and deuterium behind. An example is given by
Rozanski et al. (1982). They found that the continental effect for deuterium in Europe
varies from -3.3%o per 1000 km in winter to -1.3 %c per 1000 km in summer, thus
including a seasonal effect. Foerstel & Huetzen (1982) reported a continental effect of -3%o
per 1000 km for oxygen-18 in Germany.

3. Amount effect: A negative correlation between the amount of precipitation and
the isotopic concentration of the rain fall is observed for continental stations. Dansgaard
(1964) named this phenomenon "amount effect”. The effect is assumed to be caused by the
preferential rain-out of the heavy isotopes and by isotepic enrichment of the falling rain
drops by evaporation. During longer or more frequent precipitation events, the rain
becomes more depleted, whereas shorter or light rains are being enriched by evaporation
(Dansgaard, 1964, Gat, 1971). Dansgaard (1964) also listed a possible isotopic exchange
between the falling rain drops and the surrounding vzpor as a reason for the isotopic
enrichment of light rains. According to him, the vaper below the rain cloud has not been
exposed to cooling processes, thus isotopic fractionazon is not enhanced. Evidence for
evaporation from falling rain drops has been published by Dansgaard (1953) and Ehhalt et
al. (1963).

Gat & Gonfiantini (1981) mention an average depletion rate in oxygen-18 of about -

1%0 per 100 mm precipitation as an amount effect.
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4. Latitude effect: With increasing latitude the concentration of oxygen-18 and
deuterium in precipitation decreases. Foem;el & Huetzen (1982) reported a decrease of 3%c
per 1000 km distance from the sea in oxygen-18 in Genhany;

5. Seasonal effect: Winter precipitation is depleted in ox'yééﬁn/-rl’S and deuterium
compared to summer precipitation. Fritz et al. (1974) observed a Seasonal difference of
10%¢ in oxygen-18 in a stream in the northern part of the U.S.. Foerstel & Huetzen ( 19§E)
reported a difference of 2%o from winter to summer for deuterium concentration in
precipitation in Europe.

In summary, at higher altitudes and latitudes, cooler temperatures, as well as with
increasing distance from the coast, rainfall is depleted in oxygen-18 and deuterium.
Recurrent evaporation and condensation processes have the same effect on the water vapor
phase. Ferronsky et al. (1983) mention that the tempcraturé gradient for variations in the
isotopic composition of precipitation is about 3%o per 1 °C.

Dansgaard (1964) demonstrated a linear correlation between mean annual oxygen-
18 concentrations in precipitation and the average annual surface air temperature in degrees
Celsius. However, his equation 180=(0.69)T - 13.6%0 applies only for northern Atlantic
coastal stations with surface air temperatures below 10 °C. A linear relation between
average monthly oxygen-18 concentrations in precipitation and the mean monthly surface
temperatures was established by Yurtsever (1975) for four stations in Europe and
Greenland. The resulting equation is & 180 = (0.521+/- 0.014)T - 14.96 +/- 0.21%.
Foerstel et al. (1975) used the IAEA world statistics for stable isotopes and found & 180 =
(0.38) T - 11.79%0, where T represents the mean annual air temperature. This equation was
used to calculate the mean annual air temperature at the time of recharge for the samples
collected for this study. The above mentioned temperature/oxygen-18 relationships
establish the fact, that the isotopic concentration of precipitation decreases with decreasing
temperature. It should be noted, that on a worldwide basis, the relationship of surface air

temperature and isotopic content of precipitation is far from linear (Gat, 1980).
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Collecting water samples at different latitudes Craig (1961b) showed that the &
oxygen-18 and the & deutcriur% values are linearly related according to 8 O18=8 § D+d,
where 8 equals 10 on a worldwide basis. E;xcluded from this relationship are waters from
closed basins, where evaporation is a dominant 'fac'ta'r./'I'hc above equation defines the so-
called meteoric watér line. The slope of 8 is interpreted as the fractionational separation
being eight times larger for deuterium than for oxygen-18 (Ehhalt et al., 1?63)

The parameter d is called the deuterium excess parameter and wa$ defined by
Dansgaard (1964) as d=8 D- 8 & 180, to facilitate the correlation of any water sample with
the meteoric water line. The d value of any sample can be interpreted as the intercept with
the deuterium axis of a line with a slope of 8 (8 D/S 180=8) that passes through that
intercept (Gat, 1980). All waters derived from the same air mass as the particular sample
would presumably plot on that line. According to this view the deuteriumfagcess parameter
is a function of the vapor 'fofming process. Thus d may vary from location to location.
Generally, the lower the humidity the larger is the isotopic fractionation and thus the
deuterium excess parameter (Gat, 1983).

The slope of the meteoric water line may also vary, particularly in arid and semiarid
areas. A slope of less than 8 characterizes non-equilibrium evaporation processes. Gat &
Gonfiantini (1981) give a general range of 3.5 to 6 for the slope of the meteoric water line,
and Gat (1980) reports a slope of 5 to 6 for arid regions.

The isotopic composition of an aquifer varies locally and as a function of depth,
especially under unconfined conditions (Moser & Stichler, 1972).

Although seasonal changes can usually only be detected in very shallow aquifers,
climatic changes may be preserved in deeper aquifers. Large isotopic changes in the
composition of water are for example associated with the glacial stages of the Pleistocene.
However, without further dating methods such as Carbon-14 and sufficient data regarding
the origin and history of the air masses producing the precipitation that recharges the

aquifer, much caution has to be used in interpreting stable isotope data in ground water.
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Freon
FreonTrichlorofluoromethane, CCl3F), trade name Freon-11,is an entirely -

human-made component and was first commercially produced in 1931 (Hamilton, 1963). :

Mainly it was used then by the refrigeration and air conditioning industries. By 1943 the . -- =~ /

aerosol industry began to use it as a propellant in spray cans until the ban in 1978. In
addition freon-11 is now used widely as a foaming agent and a solvent.

Consequently, it is present in significant amounts in the atmosphere and will be
picked up by precipitation in proportional amounts. Lovelock (1974) measured Freon-11
contents in the atmosphere over southwest Ireland and over the North Atlantic and found
the concentrations to be 79.8 ppt (10-12 v/v) and 86.6 ppt (10-12 v/v), respectively. Hester
et al. (1975) reported a fluorocarbon-11 content of 60 ppt (10-12 v/v) at 6.4 km altitude and
80 ppt (10-12 v/v) at 18.3 km altitude over New Mexico.

Under the assumption that the industrial output of Freon-11 remains at 2 x 105 tons
per year, the average lifetime of Freon-11 in the atmosphere would be about 1 year
(Lovelock, 1971).

Freon-11 is more soluble in waters at lower temperatures (Hayes & Thompson,
1977). Generally, the solubility of Freon-11 is very low: 0.11 weight % at 25 °C (Davis et
al., 1985).

Laboratory column sudies by Ciccioli et al. (1980) showed that Freon-11 is
generally not strongly sorbed on silicates or inorganic materials. If sorption occurs, it
seems to be reversible. No permanent sorption has been observed on silicates. However,
organic materials seem to absorb Freon-11 to a greater extent and permanently (Thompson
& Hayes, 1939).

A study in the unsaturated zone of the Southern High Plains of Texas (Weeks et al.,
1982) showed detectable amounts of Freon-11 at depths as great as 43.9 m.

Generally, the occurrence of Freon-11 is said to be parallel to that of tridum.
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Atrazine

Atrazine is one of the most widely used herbicides in the midcontinent region of the

U.S. (including Kansas) and belongs to the group of the triazines. It was first introduced in

—

the early 1960's.

From 1964 to 1984 agricultural use of pesticides tripled (Nielsen & Lee, 1987) with
82% of this increase being caused by the increased use of herbicides, including atrazine.

Land use and agricultural practices, soil properties, recharge rates, and depth to the
aquifer influence the vertical distribution of atrazine and its concentration in ground water.

The movement of atrazine in the unsaturated zone is related to the pH of the soil,
the amiount of organic matter and clay present, hydraulic conductivity, and soil moisture
content (Helling & Gish, 1986, Bailey & White, 1964, 1970, Yaron et al., 1985). Soil pH
and organic matter content seem to be the most important factors influencing the breakdown
rate of atrazine. According to Hiltbold & Buchanan (1977) each unit increase in pH
increases the persistence by 9 to 29 days, depending on soil type. An inverse relation exists
between the mobility of atrazine and organic matter and clay content, cation exchange
capacity and soil moisture content (Helling, 1971).

Microbial degradation is probably a more important breakdown mechanism for
atrazine than chemical hydrolysis (Saltzman & Yarob, 1986).

The persistence of triazine herbicides varies among soils (Sheets & Shaw, 1963).
Maier-Bode & Haertel (1981) mention a persistence of greater than 60 weeks but do not
give a specific number. The persistence of atrazine in ground water is more or less
unknown. Wehtje et al. (1981, 1983) and Junk et al. (1980) assume a slow rate of
degradation once atrazine enters the aquifer. It is inferred that atrazine may persist for a

long period of time in ground water.
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Nitrate

Each year 10.6 Mio tons of nitrogen fertilizer are used in the Unites States
(Hurlburt, 1988), and the use of inorganic nitrogen fertilizer increased fourfold from 1960
to 1980 (Nielsen & Lee).

Extensive use of fertilizer in northwest Kansas began in the mid 1950's/ early
1960's (Kansas State Board of Agriculture, 1989), parallel to the use of pesticides.

By the process of nitrification fertilizer nitrogen and organic nitrogen, i.e. nitrogen
incorporated in organic substances such as manure, in the form of ammonia (NHs*) are
converted to nitrate (NO3") and nitrite (NO74°). This oxidation process generally takes place
in the unsaturated zone above the water table and requires sufficient oxygen and organic
matter present in the soil. Aerobic bacteria such as Nitrosomas and Nitrobacter support the
process of nitrification.

Nitrite is very unstable and is converted to either nitrate by oxidation or to nitrogen
(N7) by reduction.

Denitrification is a process by which nitrate is reduced to nitrite, nitrous oxide
(N20) or nitrogen (N»). This process takes place when the redox potential declines, i.e. the
| oxygen content of the environment declines and anaerobic conditions can result. Sufficient
amounts of nitrate, organic matter and denitrifying bacteria are a prerequisite for
denitrification processes to occur. Just like nitrification the process of denitrification
generally takes place in the unsaturated zone. Hardly anything is known regarding
denitrification in ground water (Freeze & Cherry. 1979).

Dissolved nitrogen occurs in several forms in ground water: ammonium (NHz*),
ammonia (NH3), nitrite (NO22-), nitrate (NO3-), nitrous oxide (N20), nitrogen (N2), and
organic nitrogen. Nitrate, however, is the most abundant form of nitrogen.

Nitrate is very stable over a wide range of conditions and thus readily transported in
water (Hem, 1983). The anionic form of nitrate prevents its adsorption onto clays and

nitrate is also not absorbed by organic matter. Thus Nitrate moves with hardly any
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retardation with the ground water (Freeze & Cherry, 1979). Under aerobic conditions
nitrate can be considered a conservative tracer.

A complication regarding the interpretation of nitrate data may be caused by the
presence of geologic nitrogen. Boyce et al. (1976) found significant quantities of nitrate in
thick loess deposits underlying upland surfaces in southwest and central Nebraska.
Concentrations of 106 mg/l to 199 mg/l nirate (as NO3) were encountered in general, but
maximum values of 385 mg/1 nitrate were detected also. The primary drinking water
standard for nitrate (as NO3) is 45 mg/l. The high nitrate concentrations occur from 7 m
depth to more than 30 m depth. However, in this case the depth is a function of irrigation.
Irrigation waters leached the nitrate and trar.sported it downward.

No studies have been conducted in Kansas to measure the nitrate concentrations in
the unsaturated loess deposits.

The presence of significant amounts of nitrates may support evidence of recharge

indicated by tritium, atrazine, freon or stable isotopes.
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Chapter 8

Results

Ground Water
| For this study a total of 15 wells was sampled for standard inorganic chemistry
analyses, tritium, stable isotopes, freon and atrazine during the time period from November
1987 to November 1989. Fig. 41 depicts the location of the wells.

Wells at site 1 to 9 were sampled during the first phase of the study in November
1987. Two of these 9 wells were installed as monitoring wells by the Kansas Geological
Survey. The other 7 wells were already existing wells, on which information was available
and permission to sample was granted.

During the second phase of the study 6 new wells were installed by the Kansas
Geological Survey, two more wells were installed at site 6 and at two additional sites, sites
10 and 11, well nests of 2 wells each were installed.

Table 7 lists the total depths, screened depths and the purpose of the different wells
used for this study.

Table 7. Total Depth, Screened Depth, Water-level, and Use of Sampled Wells.

Total Screened Water .

Site Depth (m) Depth(m) Level(m)* Use
1 90.8 51.2-90.8 51.5 monitor
2 60.1 44.8-60.0 43.0 monitor
3 46.3 37.2-46.3 31.8 monitor
4 82.3 no data 50.0 irrigation
5 61.0 47.2-39.4 43.0 monitor
6a 37.2 33.5-36.6 32.9 monitor
6b 59.4 42.7-45.7 32.8 monitor
6¢ 57.9 51.8-57.9 32.9 monitor
7 9.7 6.4-9.4 7.2 monitor
8 27.4 24.4-27.4 18.3 domestic
9 54.9 38.4-53.6 36.0 dairy
10a 7.0 4.0-7.0 3.6 monitor
10b 32.3 27.7-32.3 3.6 monitor
l1a 61.5 53.3-59.4 52.1 monitor
11b 73.1 68.6-73.1 52.1 monitor

*Depth below land surface
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Fig. 42 shows a lithologic cross section through selected well sites. The lithology
was derived ffom drill cuttings obtained during installation of the monitoring wells at these
 particular sites. it should be noted, that the lithology of the Ogallala formation and the depth

to water vary considerabl/y/f;o'm site to site. In response to these variations the water
chemistry may differ, and may further be altered by anthropogenic influences. The
screened intervals of the installed wells are also’gipicted. The wells are screened in
different parts of the aquifer, which may result in a difference in water chemistry as well, if
ground water stratification is present in the aquifer.

In the following the findings of the standard inorganic chemistry, tritium, freon and
atrazine analyses are described. The results from the stable isotope analyses and the carbon-
14 analysis are discussed separately.

Table 8 lists the results of the standard inorganic chemical analyses for all

| gfoundwaters sampled. Fig. 43 and 44 show the results of Ogallala ground waters
analyzed for this study plotted in form of a trilinear Piper diagram. In addition to the well
samples, a sample taken from the Saline River in March of 1989 is plotted. The surface
water sample plots very close to the ground waters, thus indicating baseflow in the Saline
River at the time of sample collection.

With two exceptions all waters plotied can be characterized as calcium-magnesium-
bicarbonate or calcium-bicarbonate type waters.

Ground water tested at site 1 was more a calcium-sulfate-calcium-bicarbonate type
water in 1987 and had changed to a calcium-magnesium-chloride-bicarbonate type water by
August 1989. The change in water chemistry at this site can be atuributed to irrigation and
the proximity of the well to an old tail water trail feeding into a tail water pit used to catch
excess waters from flood irrigation.

The ground water at site 7 is a calcium-sodium-chloride type water, possibly
reflecting the presence of oil field disposal wells located just about 1.6 km to the southwest

of the site.
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Sampling procedures and analytical methods are described in Appendix A.

Site 1
Site 1 is located in an upland area in Sherman County. The land around the site is

farmed and it is known that the Ogallala aquifer underlying this area shows elevated nitrate

concentrations. ,

-

The field adjacent to the site is presently under center pivot irrigation which was
installed in 1985. Before the conversion to a center pivot irrigation system the area was
under flood irrigation from 1960 onward. The monitoring well installed at this site in
October 1987 is situated at the end of the former flood rows and near the former tail water
trail that fed excess irrigation water to a tail water pit.

Currently, corn grown on the field receives an average nitrogen fertilizer
application of about 150 lbs/acre. From 1960 until about 1982 sugar beets were grown here
with an average nitrogen application of 200 lbs/acre.

The monitoring well is drilled to bedrock at 90.8 m and is screened up from this
depth to 51.2 m below land surface. The water level below land surface at this site is
51.5m.

The well was sampled in November 1987 and the ground water can be described as
a calcium-sulfate-bicarbonate type water (fig. 43). Table 8 lists the results of the standard
inorganic analyses. High nitrate and sulfate concentrations of 60 mg/l and 99 mg/1
respectively, reflect the high input of fertilizer and the fact that the this area is under
irrigation since 1960. The nitrite concentration, determined on site, was 2.58 mg/l as
nitrite.

Elevated calcium, magnesium, sulfate and boron values could be interpreted as
evidence for recycled waters and/or the initial leaching of solutes, both caused by irrigation.

When land in a semiarid climate with high evaporation rates is reclaimed by

irrigation the accumulated solutes tend to be leached away by the increased water supply
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.(_Hem, 1985). They appear in drainage water and return flow, and will eventually show up
in the ground water.

Caliche horizons in the unsaturated as well as in the saturated zone also represent a
{S:);H'CC of calcium, magnesium, sulfate, and bicarbonate.

In August 1989 the monitoring well was resampled by the Groundwater
Management Distri_g and the water was subsequently analyzed by a commercial laboratory.
The ground water had changed to a calcium-magnesium-chloxide-b.i’carbonate type water
(fig.43). The nitrate content had more than doubled from November 1987 to August 1989,
from 60 mg/l to 124.5 mg/l. The chloride concentration increased nearly five-fold from 14
mg/l to 68 mg/l. Only the sulfate content decreased considerably from 99 mg/l to 29 rag/l.
The cation concentration remained more or less the same.

The most likely explanation for this change in water chemistry over a nearly two
year period is the following: During the 27 years of flood irrigation vertical leakage of
accumulated solutes and fertilizer components occurred and these constituents are now
showing up in the ground water. Vertical movement probably takes place in a piston-type
flow manner enforced by the combined eftects of the former flood irrigation system and the
present center pivot irrigation system. The amount of naturally occurring recharge can be
neglected compared to the induced recharge by irrigation return flow. The monitoring well
is situated just barely out of reach of the center pivot irrigation system, but enough moisture
is provided to accelerate the vertical flow.

Assuming piston type flow, the analysis of November 1987 possibly shows an
initial slug reaching the ground water, with lower nitrates and higher amounts of solutes
(caused by the onset of flood irrigation) than in 1989. The high nitrates and low sulfates in
the 1989 analysis may reflect a later slug. High nirogen fertilizer application to support the
growth of sugar beets was well established and the initial solution of solutes had decreased,

reflected by the lower sulfate content.
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Sulfate and chloride are also used as byproducts in fertilizer and it is possible that a
switch m fertilizer brands caused a lowering of the sulfate and an increase in chloride
concentration.

The decrease of the bicarbonate content from 226 mg/l in 1987 to 170 mg/l in 1989
may have been caused by the flood irrigation practice. Increased temperatures of the waters

in the flood rows as well as in the tail water trail and -pit induce a loss of dissolved carbon

dioxide gas, and this allows the conversion of some bicarbonate to carbonate (CO3), which
precipitates (Hathaway et al., 1979). As a result, the moisture infiltrating the soil would be
depleted in bicarbonate. The bicarbonate concentration in the 1987 sample of 226 mg/l
would thus represent a more or less natural background level, not much influenced by
irrigation effects. Natural bicarbonate contents in other ground waters analyzed for this
study range between 214 mg/l and 302 mg/l. By 1989 another front of constituents,
characterized by a lower bicarbonate content and thus a greater influence of irrigation on the
water chemistry, had reached the ground water.

According to Hathaway et al. (1979) who described this effect of flood irrigation
on the bicarbonate content based on the analyses of waters from eight tail water pits and
their associated irrigation wells, no marked increase in the concentrations of calcium,
magnesium, sodium, sulfate or chloride occurs in the tail water. This is also true at site 1,
where the cations hardly changes at all from 1987 to 1989. However, as mentioned above,
the chloride content increased nearly five-fold in the same time frame. This would support
the assumption that the high chloride concentration is caused by fertilizer application. No
natural source for chloride, such as salt beds, is known in the unsaturated zone or in the
Ogallala formation itself.

It can not be excluded that some of the chloride, calcium and magnesium
concentration may have been influenced by enrichment due to evaporation processes

enhanced by irrigation practices.
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» Chloride is a very conservative ion, i.e. it does not react readily with other ions or
‘ compounds.‘IT"it would have been present in the tail water or in the unsaturated zone to
begin with it would have moved down to the ground water with the other constituents,
possibly at an even 'figi;f rate.

Thekin'igation well that feeds the center pivot system is located about 0.4 km to the
west of the monitoring well at site 1. Samples taken by the Groundwater Management
District and analyzed by commercial laboratories show that the water quality changed in
exactly the same way here as at the monitoring well site from 1987 to 1989 (table 9),
although not quite as dramatically. The initial concentrations in 1987 were all lower for the
irrigation well compared to the monitoring well. A possible reason for this behavior is the
center pivot system itself. The irrigation well is surrounded by irrigated soil, whereas the
monitoring well is located out of the range of the center pivot. Thus the downward
movement of soil moisture and its constituents at site 1 lags behind the vertical movement
in the surrounding of the irrigation well.

The trittum content of the water sample taken at site 1 in November 1987 showed
2.84/-0.5 TU. Calculating with a half-life of 12.3 years, the tritium content of this ground
water in 1960 would have been 12.7 TU. This value is too low to indicate bomb related

tritium.

Table 9: Standard inorganic chemistry results in mg/l from ground waters sampled at site 1

Date sampled Ca Mg Na K HCO; SO4 Cl NO3
itor well

Nov. '87 * 81 27 30 6.1 226 99 14 60

Aug. '89 89 30 19 3 170 29.1 68 124.5

Irrigation well

July '87 * 52 17 22 4.2 194 38 18 43

Aug. '89 62 20 19 2 186 28 15 68.7

* Analyzed at the Kansas Geological Survey
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Three possibilities may be considered to explain the tritium content observed: 1. the
tritium was derived from precipitation before the bomb tritium was released, i.e. before the
mid 1950's, 2. the tritium stems from precipitation iﬁ the late 197Q's, when the natural
background level of tritium was reached again, and 3. the tﬂm;m/ls in fact bomb tritium,
but was diluted by non-tritiated irrigation waters. |

If the assumption is correct that piston type flow occurs at this site and that the 1987
inorganic chemistry analysis reflects a more or less initial slug of constituents triggered by
the onset of irrigation in 1960, the first possibility can be ruled out. Additionally, dry land
farming practices from 1953 to 1960 combined with the small amounts of precipitation and
the so resulting low recharge rates in western Kansas would require farming on this §ite
since the 18th century and an amount of manure or commercial fertilizer applied to the soil
by far exceeding plant uptake for such a high nitrate concentration still to be present in the
ground water in 1987. :

In order to explain the low tritium content at this site by assuming precipitation in
the 1970's as a cause one would have to consider the vertical movement of moisture to be
about 4 m per year for the tritium to reach the water table by 1987. Even considering the
fact that this site is located not directly under but very close to a center pivot system it is
hard to imagine such a great recharge rate. In view of the results from site 11 (see pp. 186-
188) it seems impossible.

Seismic shotholes, put in in 1981, are present in the area (fig. 45) and if they were
unplugged or poorly plugged they possibly could serve as conduits to the ground water and
thus accelerate downward movement. However, this would fail to explain the changes in
water chemistry, especially the change in the bicarbonate content.

The most likely explanation seems to be that the constituents of the ground water
sample taken in 1987 are influenced by the effects of flood irrigation as described earlier
and that the tritium detected in this sample is thus bomb related tritium. However, due to

low precipitation in western Kansas, the dilution effect of the non-tritiated ground water
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used for flood irrigation, and radioactive decay of the tritium itself it is not recognizable as
such anymore.

The assumption of the ground water from the irrigation well not being tritiafed is -
not based on an actual analysis performed in the 1960's. But it can be considered
impossible for any precipitation of the mid to late 1950's, when bomb tritium first was
released, to reach the ground water table by 1960, especially not under dry land farming
practices. That would mean a vertical rate of movement through the unsaturated zone of
more than 5 m. Another irrigation well in a similar geographic setting was sampled in
Thomas County in November 1987 (site 4) during the course of this study and here the
tritum content was below the detection limit.

The possibility of the tritium being diluted bomb tritium is the only way to explain
the inorganic chemistry to a satisfactory degree. The rate of downward movement in this
case would be about 1.8 m per year, which is about three times aé fnuch as the vertical
movement at site 11 (see pp. 186-188). The faster vertical movement of soil moisture at site
1 can be attributed to irrigation. Site 11 is located on non-urigated land.

Freon and atrazine concentrations were below the detection limit at this site 1.

Site 2

The county of Sherman had this well (well 2) installed in May of 1987 as part of a
monitoring system for the county landfill. The well is located on the north side of the old
part of the landfill, other monitoring wells are situated to the east and west of the landfill
complex (fig. 46).

The water level is 43 m below land surface and the well is screened from 44.8 m to
60 m below land surface.

All wells are sampled on a yearly basis by the Groundwater Management District to

monitor for possible leakage from the landfill.
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Table 10 lists the results of standard inorganic analyses performed on samples from
the monitoring wells taken in the years 1987 to 1989. Except for the monitoring well |
sampled particularly for this study in November 1987 (well 2) all wells were sampled by

“the Groundwater Management District and subsequently analyzed by commercial
laboratories. For the 1987 and 1988 analyses the Groundwater Management District used
the same laboratory, however, in 1989 they switched to a different one. Because results of
the same water sample may vary from laboratory to laboratory, the results from the 1989
samples should not be compared to the other samples as far as absolute numbers are
concerned. Analyses for the years 1987 and 1988 may not be totally accurate either. There
were instances when results had to be rejected by the Management District because of
obvious inconsistencies.

For this study the results are only intended to show the general trend of ground
water chemistry and possible movement of ground water around and underneath the landfill
area.

As can be seen in fig. 46 the monitoring well on the west side of the landfill (well
1) is located upgradient. This fact is also reflected in the water chemistry. In all three years
concentrations of the respective components are lower in this well than in all the other
monitoring wells.

This particular well was installed in 1986 by the city of Goodland to serve as a
drinking water supply well. It is not used year-around but is pumped only infrequently.
The fact that the 1987 analysis for this well does not show any sodium is based on an
analytical error. The water is not treated in any way directly at the well but is pumped to a
treatment plant.

Table 10 also shows a water analysis from an irrigation well about 3.2 km to the
south of the landfill, sampled in July 1978. The water chemistry of this well can be
interpreted as background chemistry for this area, the sulfate, nitrate and chloride

concentrations here are very likely due to agricultural practices. Except for those
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constituents, the analyses of the waters from the irrigation well and the western monitoring
well are very Similar. Water from both these wells can be classified as calcium-bicarbonate
type water.

Table 10: Standard inorganic chemistry results in mg/l of ground water collected from the
Sherman County landfill monitoring wells, site 2, and an irrigation well to the south

Date sampled Ca Mg Na K HCO3 SO4 Cl NO;3
Welll

Sept. '87 42 12.5 0.0(7) 4.95 163 13 11 23.5
Sept. '88 31 11.3 26 6 330 9 12 16.1
Oct. '89 25 15 32 4 200.1 18 7 17.7
Well 2

Sept. '87 130 44.5 57 12.5 516 66 40 39.2
Nov. '87 * 134 47 63 12 608 69 30 37
Sept. '88 137 46 81 13 523 45 43 15.7
Oct. '89 134 52 70 12 640.5 70 28 314
Well 3

Sept. '87 110 36.5 65 10.5 385 31 98 46.4
Sept. '88 102 35 45 10 426 7.3 () 88 25.3
Oct. '88 104 44 70 8 425.8 31 102 38.5
Well 4

Sept. '87 86 25 122 24 406 27 117 24.1
Sept. '88 108 34 131 8.4 412 29.6 127 20.1
Oct. '89 85 28 160 9 499 40 116 15.1

Irrigation well
July '87 * 51 18 39 4.7 179 49 31 57

* Analyzed at the Kansas Geological Survey

The concentrations in the ground water of the well particularly sampled for this
study (well 2) compared to the analyses of wells 3 and 4 are generally higher with the
exception of chloride and sodium. This indicates a source of sodium and chloride present in
the landfill area probably in the vicinity of wells 3 and 4. Natural regional ground water

flow is from west to east in this area.
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The Piper diagram (fig. 43) shows the waters of wells 2 and 3 as a calcium-
bicarbonate type, whereas well 4 vields a calcium-sodium-chloride-bicarbonate type water.

A ground water model was run by the Groundwater Management District before the
installation of the landfill monitoring wells in order to find the most suitable well locations.
The landfill is surroundcd by three irrigation wells, and two public water supply wells are
located to the east ‘and southeast. Using a modified version of a water table aquifer
simulation program (WASP), these wells were purmnped artiﬁciaily at their maximum
appropriated rate to determine ground water flow during the pumping season. Well 1 was
not included in the model, because of its infrequent use. Fig. 46 shows the resulting static
water level contours from sea level at this site as effected by irrigation pumpage.

It is obvious that the irrigation well to the north exerts the most influence on the
ground water flow. The cone of depression includes the sewage treatment plant, 3/4 of the
sewage lagoon to the south of the inactive part of the landfill, the intermittent stream, part
of the landfill itself and monitoring well 2. The sewage lagoon is only lined with bentonite,
thus there is a potential for leakage. In addition the lagoon overflows into the intermittent
stream, which results in permanent flow in the stream from that point onward.

According to the model results (fig. 46) flow from the lagoon to well 2 would
occur whenever the irrigation well to the north is pumped. Elevated concentrations of
calcium, magnesium, potassium, bicarbonate, sulfate and boron (table 10) in the water of
well 2 may be interpreted as evidence for recycled waters, strongly indicating flow from the
lagoon to the well. Evaporation from the open surtace of the lagoon would cause a general
enrichment of water constituents.

Chloride and sodium concentrations in well 2 are higher than in well 1 but lower
than in wells 3 and 4. However, this phenomenon is very likely caused by the afore
mentioned source of sodium and chlonde influencing only wells 3 and 4. Without the
masking effect of that source sodium and chloride values in well 2 would probably exceed

those in wells 3 and 4 due to enrichment in the lagoon.
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The nitrate concentration in the ground water of well 2 was 37 mg/l in November
1987 (table 10), representing one of the higher concentrations ericountered in ground water
during this study.

Of all the wells sampled for this study, well 2 is the one with the highest amount of
tritium in the ground water (23+/-1.7 TU), and the only well that showed detectable
conccntratigns of freon (10.5 ppb). No water sample was taken from the sewage lagoon
and analyzed for tritium, but it is very likely that the lagéon represents the source of the
tritium.

Precipitation samples taken in November 1987 and October 1988 indicate an
average tritium content of about 20 TU. Additional enrichment could occur by evaporation
from the open surface of the lagoon.

The freon in the well water could originate either in the landfiil itself by release from
products containing fluorocarbons, or from precipitation caught in the lagoon and
subsequently transported to the well by ground water flow.

It is concluded that the tritium at this site combined with the inorganic analyses and
the flow model indicates artificially induced recharge, i.e. underground flow from the
lagoon to well 2 caused by pumpage of the irﬁgation well to the north.

It would be interesung to obtain a water sample from the irrigation well to see how
far the water from the lagoon has migrated.

No atrazine was detected in the ground water at this site.

Site 3

The monitoring well at this site was installed in September 1987 by the Kansas
Geological Survey close to the center of a playa-like structure. The north/south extension of
the depression is about 1.6 km and the east/west extension amounts to roughly 2.4 km.

The land within the depression is farmed without the use of irrigation.
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The water level at this site is about 31.8 m below land surface and the well is
: ;creened from 37.2 m fo 46.3 m below land surface. Fig. 33 in chapter 6 depicts a
hydrograph of this particular well.

‘When the well'was first sampled in November 1987 doubts remained as to the
degree of development of the well due to equipment problems. Thus in May 1989 the well
was re-sampled for tritium, stable isotopes and/standard inorganic chemistry. In August
1989 another sample was taken exclusively—;or general inorganic chemistry analysis alone..

In May and August of 1989 the inorganic chemistry of the ground water sampled at
this site was close to identical, so only the results of one of the analyses was plotted in the
Piper diagram.

The November 1987 sample as well as both the 1989 samples show a calcium-
bicarbonate type water (fig. 43).

The analytical results from November 1987 compared to the ones from May/August
1989 do not indicate a badly developed well in November 1987 (table 8). With the
exception of sodium, sulfate, and nitrate the concentrations of constituents are more or less
the same. The decrease in sodium and sulfate of 12 mg/l and 9 mg/l respectively, and the
increase in nitrate of 7 mg/l can best be explained by vertical flow from the unsaturated
zone to the ground water, the change in the afore mentioned concentrations possibly related
to the farming of the land surface.

Although the geometry of a depression as such is likely to act as a collector for
precipitation and surface run-off and evaporation processes from an open surface may take
place, no such effect can be deduced from the inorganic chemistry data collected at this site.

It is likely that the occurrence of standing water in the depression is very rare. The
landowner reported about 30 cm of standing water in the playa in June of 1987 and about 1
m occasionally when he was growing up about 40 years ago. In July of 1989 the western

part of the playa, separated by a road from the monitoring well site, was flooded.
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However, in general these events seem to occur too infrequently to exert an influence on
the water chemistry.

| The tritium content in the November 1987 sample was 1.6+/-0.6 TU. By May 1989
it had slighﬂ’y’iﬁéreased to 3.14/-0.7 TU. These results, combined with the changes in
sodium, sulfate, and nitrate over the same time period seem to support the assumption of
vertical moisture movement to the aquifer.

However, if the range of analytical error is considered, the two tritium analyses
could be essentially the same: 2.4 TU and 2.4 TU, respectively.

The amounts of tritium are too low to indicate any bomb related trittum. Applying a
halflife of 12.3 years, the 1989 tritium content at this site would have been around 15 TU
in 1951/52 or around 20 TU in 1940. According to the precipitation samples analyzed for
tritium for this study, these values for tritium in precipitation are acceptable.

The water level at this site is 31.8 m below land surface. Assuming uniform piston
type flow in the unsaturated zone it took the moisture approximately 37 years to reach the
water table as recharge, and it traveled at an average rate of about 0.7 m per year.

This figure represents only a very rough estimate. Possible mixing between
"layers" of moisture in the piston type flow model are not taken into account and a perfectly
smooth flow pattern is assumed, i.e. the stratigraphy of the unsarurated zone has been
neglected. Enrichment processes due to evaporation of accumulated water in the playa and
the subsequent infiltration into the unsaturated zone has also been neglected in calculating
the above mentioned vertical rate of flow as well as infilration of enniched late spring/early
summer precipitation.

It is known that stratification of tritium in an undisturbed aquifer may occur and that
the highest concentrations are present in the top zone of the aquifer (Dincer & Davis, 1968,
Job, 1970, Verhagen, et al., 1970, Airey et al., 1970). Fig. 47 shows water levels and
screened depths of the wells sampled for the first phase of the study. Only the lower 9.1 m

of the monitoring well at site 3 are screened, about 5.4 m of standing water are present
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above the screened area. Because the well was only pumped at a maximum rate of 0.04
m3/sec it is very likely that no water from the upper part of the aquifer was drawn to the
well and subsequently sampled. .

Thus it is possible that the assumedate o/f/movcmcnt in the unsaturated zone at
this site is underestimated, because the time needed for movement from the land surface
down to the water table was calculated based on a tritium content ab_o/utj.4 m below the
water table.

Atrazine and freon in the ground water sampled at this site were below the detection

limit.

Site 4

At this site an irrigation well was sampled in November 1987. The exact
construction of thc‘\;/ell is unknown, no official record was filed. A copy of a log taken
from a test hole drilled in the vicinity of the irrigation well was provided by the landowner
(see appendix).

However, irrigation wells are generally screened over the total saturated thickness
of the aquifer to ensure sufficient water quantity at all times. It is fairly safe to assume that
this applies in this case as well.

The well is located in upland area, the land around it is farmed.

Two samples were taken from this well, in November 1987 and in August 1989.
Both analyses indicate a calcium-magnesium-bicarbonate type water (fig. 43), the samples
are nearly identical. The constituent that changed the most is nitrate, it increased by 5.1
mg/] (table 8).

Only in November 1987 the water was analyzed for tritium. The level was below
the detection limit of 0.8+/-0.5 TU.

Depth to water at this site is about 50 m. It is impossible that ritium derived from

precipitation in the late 1970's or later had reached the aquifer and then decayed to levels
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below the detection limit. The tritium content in precipitation being roughly 20 TU,
moisture recharged from precipitation in the late 1970's should still contain about 5 TU.

Thus it can be safely assumed that the bomb related tritium is still in transit in the

-
LT

unsaturated zone at this site and did not yet reach the ground water.

No atrazine and/or freon were present in the ground water at this site.

Site 5

One of the monitoring wells for the Thomas County landfill was sampled at this
site. The well was installed in 1987 and is sampled on a yearly basis by the Groundwater
Management District. The location of the well is upgradient, on the west side of the landfill.

Depth to water at this site is 43 m, the well is screened from 47.2 mto 59.4 m
below land surface.

Table 11 shows a summary of standard inoréanic chemistry analyses performed on
samples from the landfill monitoring wells. For comparison purposes, an analysis
performed in 1978 on ground water from an irrigation well located about 2.4 km to the east
of the landfill is included.

Table 11: Standard inorganic chemistry results in mg/l of ground waters collected from the
Thomas County landfill monitoring wells, site S, and an irrigation well to the east.

Date sampled Ca Mg Na K HCO3 SO4 a NO3
Colby West

Sept. '87 51 16.5 17 7.2 187 24 12 18.7
Nov. '87 * 47 17 19 7.1 214 21 8.8 16
Sept. '88 49 15.7 17.4 8 217 21.7 32 15.3
Oct. '89 34 19 21 7 222 20 7 21.3
Colby East

Sept. 87 53 17.7 14.4 7.6 187 26 11 14.1
Sept. '88 45 16.6 14.9 8 217 32.8 5 9.5
Oct. '89 30 20 18 7 2135 25 5 9.3
Colby South

Sept. '87 58 18.5 17.6 7.2 188 27 11 21
Sept. '88 43 15.6 17.6 7 185 20.7 23 15.8
Oct. '89 35 21 21 6 219.6 25 6 22.15
Irigation well

July '87 * 40 17 24 5.6 221 21 7.6 13

* Analyzed at the Kansas Geological Survey
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Except for the November 1987 analysis on water from the western monitoring well
all samples were collected by the Groundwater Management District and subsequently

analyzed by commercial laboratories. In 1987 and 1988 the same laboratory was used but

o
e

in 1989 the Management District switched to a different one.
The water quality does not change very much over the years and is more or less the
same in all the three monitoring wells. It seems to reflect the general ground water quality B
in the area, the analyses are nearly identical with the one performed on ground water from
the irmigation well in 1978. The gfound water can be characterized as a calcium-bicarbonate
type water (fig. 43).
No tritium, atrazine or freon was detected in the sample taken in November 1987
from the westernmost monitoring well.
Based on the combined results of all analyses performed the bomb related tritium is
still in transit in the unsaturated zone. -
Depth to water at this site is 43 m. The rate of vertical movement of soil moisture
would have to be about 3.5 m per year in order for post-bomb tritium to reach the ground

water, and with an average tritium content of 20 TU in precipitation one would expect to be

able to identify tritium in the ground water.

Site 6

Three wells were sampled at this site, located in a pasture. A pre-existing, currently
unused well, installed as an oil field supply well (well 6¢) was sampled in November 1987.
The well was never used as such, because no oil was ever found here. Two more wells
(wells 6a and 6b) were installed by the Kansas Geological Survey in September 1988 in a
well nest about 3 m away from the existing well, in order to obtain information about

possible stratification of tritium in the ground water at this site.
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Similar to site 3, the water table is relatively shallow compared to most other sites
investigated during this study: 32.9 m below land surface. Fig. 33 in chapter 6 depicts -
hydrographs for all the three wells.

Overall, the ground water samples from all three wells do not show any unusual
water chemistry (tabie 8). The oil field supply well (well 6¢), screened from 51.8 m to 57.9
m, yields a qalcium—bicarbonate type water (fig. 44). The ground water tapped in the two
wells in the well nest (wells 6a and 6b) can be classified as a calcium-magnesium-
bicarbonate type water in both cases (fig. 44). The water sample taken from the oil field
supply WCll shows lower concentrations for nearly all the analyzed constituents.

One possible explanation for this difference is the location of the screened intervals
in the wells. The wells in the well nest are screened from 33.5 m to 36.6 m (well 6a) and
42.7 m to 45.7 m (well 6b), respectively. Thus the possibility of tritium stratification may
be reflected in the inorganic chemistry as well. ‘

The possibility that the ground water quality changed from 1987 to 1989 does not
seem to be very likelj However, the oil field supply well was not re-sampled in 1989 and
a change in water quality over a 2 year period can not totally be excluded.

When the oil field supply well at this site tested negative for tritium in November
1987 it was thought possible that the aquifer was sampled at too great a depth to detect the
tritium, if there was stratification occurring in the ground water. The difference between the
top of the screen and the water table is 19 m in this particular well (fig. 47).

Thus 2 more wells were installed in 1988 with screened intervals as mentioned
above. The samples taken in November 1988 indicated 1.9+/-0.7 TU for the shallow well
and 0.9+/-0.7 TU -with a repeat run of 2.6+/-0.6 TU- for the deeper screened well. Due to
budgetary constraints the oil field supply well could not be re-sampled for tritium in 1988.

It seems possible that there is indeed a stratification of tritium occurring in the
ground water at this site. However, the differences between tritium concentrations in the

wells are too small to represent absolute proof. If the two values for the deeper screened
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well are interpolated, a tritium content of 1.75 TU results, which is less than the 1.9 TU in
the shallower'well. But taken the error range of the analyses into account thé tritium
concentration could also be identical. The same reasoning can be applied comparing the
tritium concentration of the oil field supply well with the concentration in the other two
wells.

quever, the nitrate content of the three ground waters sampled at this site seems
to reflect the trend of the tritium concentrations. The water collected from the oil field
supply well contained 13 mg/l nitrate, whereas the ground water from the shallow well and
the deep well showed nitrate levels of 22 mg/l to 23 mg/l and 31 mg/l, respectively.

Thus an indicaiion for stratification is present at this site but the data can not be
interpreted as absolute evidence.

The fact that there is a minor amount of trititum present in the ground water probably
indicates recharge from precipitation prior to the release of bomb tritium. Under the
assumption that this is true, the maximum rate of vertical movement in the unsatmaged zone
would be about 1 m per year. One would expect a higher tritium content if post-bomb
tritium were to be assumed.

No atrazine or freon were detected in the ground water at this site.

Site 7

At this site a shallow well situated on the eastern recharge boundary of the Ogallala
aquifer was sampled. The water leve! here is 7.18 m below land surface and the well is
screened from 6.4 m to 9.4 m below land surface.

The well was installed by the Kansas Department of Health and Environment in
July 1987 as a monitoring well for oil fields located around the well site.

A sample from this well had to be obtained by using a bailer, because the filters of
the pump kept clogging up due to the amount of sediment in the well. When the well was

installed in July 1987 the total depth was 15.8 m, however, when the well was sampled for
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this study in November 1987, the total depth had decreased to 9.8 m. An accumulation of 6
m of sediment took place over a period of only 4 months. It has to be assumed that the well
casing broke during well installation.

Incorrect and/or careless salt water disposal practices caused a change in ground
water chemistry in this area, as reflected by the standard inorganic chemistry of the well

~water. Of all the ground waters sampled during thisrvstudy, the ground water at this
particular site shows the highest specific conductivity values and high calcium, magnesivm,
sodium, sulfate, chloride and nitrate concentrations (table 8). But only the chloride content
exceeds the United States Environmental Protection Agency's recommended limit of 250
mg/l (U.S.E.P.A,, 1976).

When the well was sampled for chloride in July 1987 by the Kansas Department of
Health and Environment the chloride content was even higher: 500 mg/1.

The primary sources for the high sodium and chloride concentrations is a salt water
disposal well about 0.8 km to the southwest of the monitoring well. The disposal well was
either screened in such a way that the Ogallala aquifer was influenced by the disposed salt
water or the steel casing of the well may be broken or corroded.

Surface water in a creek located about 200 m east of the site showed a specific
conductivity of over 40.000 pmhos/cm when tested by the Groundwater Management
District. No water sample was taken, however. Several springs, which feed into the creek
exhibit high conductivity values as well.

In the Piper diagram (fig. 43) the water plots as a calcium-sodium-chloride type
water.

The high amount of trace elements in this ground water may be due to the
adsorption of these constituents onto clay surfaces. The sample contained a large amount of
sediment and was left to settle out rather than filtered prior to analysis. However, in water

contaminated by brines one would expect a higher amount of trace elements.
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The elevated nitrate and sulfate concentrations are probably caused by farming practices in
the area. However, sulfate as well as calcium and magnesium concentrations may also be
associated with the water chemistry of the disposed brine.

The tritium content at this site was 5.6+/-0.7 TU in November 1987. It can be
attributed to the shallow depth of ground water.

Based on the thickness of the upsaturated zone one couid expect to see some bomb
related tritium at this site. The lack of a high tritium concentration in the ground water may
be caused by the dilution effect of the non-tritiated salt water inroduced by the disposal
well. The brine is derived from a Pennsylvanian age formation.

But it is most likely that any bomb related tritium has been flushed out of the system
already, and the 5 TU are caused by precipitation since the mid 1970's, again possibly
diluted by the salt water. In this case the vertical movement of moisture would be averaging
about 0.6 m per year. In view of the results from site 11 (see pp. 186-188), this rate of
movement seems very reasonable.

Without further data it is not possible to identify the exact source of the tridum.

Site §

A domestic well, constructed in 1979 was sampled at this site. The water level is
18.3 m below land surface, and the well is screened from 24.4 m to 27.4 m below land
surface. Depth to the underlying Pierre Shale is 26.5 m, the unsaturated zone is thus only
8.2 m thick.

When sampled in November 1987 the ground water was a calcium-magnesium-
bicarbonate type water and of drinking water quality (fig. 43).

The well owner reported a change in water quality occurring in spring, which can
probably be attributed to the existence of an unplugged, abandoned well, which is installed
in a pit. This old well is located on a slope just about 50 m away from the well sampled.

These old wells could serve as conduits to the ground water. Bank infiltration due to the
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proximity of the well to North Beaver Creex. a perennial stream, seems unlikely. The well

- is probably not pumped at a high enough rate to exiend a cone of depression to the stream.

Nothing unusual is showing up in the inorganic water chemistry (table 8).

/ Comﬁé;éd to most of the ground waters anaiyzed for this study - with the exception of sites
1,2, and 7, where the ground water chemistry is influenced by other factors- the suifate
content is slightly elevated.Eis phenomenon can be attributed to the shallow depth of the
underlying Pierre Shale in this area. »

The tritium in this ground water was below the detection limit of 0.8+/-0.5 TU,
which seems to contradict the occurrence of seasonal changes in the ground water quality.

With a background tritium value of about 20 TU in precipitation one would expect
to see evidence of tritium in the well water. if seasonal changes do indeed occur.

The well was sampled in November. It is very possible that any ground water that
may have been influenced by downward moving moisture during the spring was pumped
out of the well at this point.

This explanation is only valid under ihe assumption that the ground water is not
tritiated in this area.

Without further analyses it is impossible to give the exact reason for the fact that a
seasonal change is observed by the well owner but no tritium is found in the ground water
at this site.

Based on the results at site 11 (see pp. 186-188) one would not expect to find
witium recharged under natural conditions in the ground water at this site. Assuming a
vertical moisture movement of 0.5 m it would take 36.6 years for the peak of the bomb-
related tritium to reach the water table at this site, provided the conditions in the unsaturated
zone at the two sites are similar.

No freon or atrazine were found in the ground water at this site.
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Site 9

At this site, located in Decatur County, a well supplying a dairy operation was
sampled. The well was installed in 1987 and has a screened interval from 38.4 mto 53.6 m
'below land surface. The water level is at 36 m below land surface. Pierre shale was
encountered at a depth of 53 m.

When thi’\vygtcr samples were taken in November 1987 the well was pumping at a
rate of 9.46 l/sec. |

According to the Piper diagfam (fig. 43) a calcium-magnesium- bicarbonate type
water is present here. The inorganic chemistry analysis shows nothing unusual (table 8).
The water quality is very good, the water is suitable for drinking water purposes.

Tritium in this particular ground water was below the detection limit of 0.8+/-0.7
TU. Thus it can be assumed that the bomb related tritium is still in transit in the unsaturated
zone. The rate of movement through the unsaturated zone would be too great to assume
post-bomb tritium.

No atrazine and/or freon were detected in the water yielded by this well.

Site 10

Two wells were installed at this site in September 1988 by the Kansas Geological
Survey. The wells are located in a pasture, about 150 m away from an intermittent stream.

The water level at this site is about 3.6 m below land surface, fig. 23 in chapter 6
shows a hydrograph for both the wells.

According to the landowner the stream hardly ever carries water since irrigatnon
started in this area. Several springs that used to feed into the stream went dry, because the
water level was lowered by irrigation.

The wells are screened from 4 mto 7 m and 27.7 m to 32.3 m respectively.
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Samples were taken in November 1988 and in August 1989. In both years the
 water was of a calciumjbiparboﬂ;tc type in both wells (fig. 44). The inorganic chemistry
data are listed in table 8. , '

Comparing the ana_,]ysesfrﬁ; the deeper screened well with the ones from the
shallow well at this site, it is obvious that the ground water tapped by the shallow well has
a slightly higher content of dissolved solids in 1988. The difference becomes more
pronounced in the 1989 analyses. -

The ground water tapped by the deeper screened well did hardly change at all from
November 1988 to August 1989, the results of the analyses are nearly identical.

Compared to November 1988, the shallower well shows elevated concentrations of
mainly calcium, bicarbonate, sulfate, and nitrate in August 1989, reflecting the shallow
water table of 3.6 m below land surface and the short distance between the top of the screen
and the water table.

Use of the land as a pasture probably influences the sulfate and nitrate
concentrations in thé'shallow ground water. The nitrate concentrations are nearly identical
in both wells. Ground water collected from the shallow well contained 9.4 mg/l to 10 mg/1
nitrate and water from the deep well showed a nitrate concentration of 11 mg/1 (table 8).

The two analyses seem to indicate seasonal changes in water quality in the shallow
ground water, however two samples are not conclusive enough to establish that as a fact.

In November 1988 ground water from the shallow well had a tritium content of
1.24/-0.8 TU, the deeper ground water at the other well showed a tritium concentration
below the detection limit of 0.8+/-0.6 TU. Thus the difference in inorganic chemistry is
also reflected by the tritium content.

Given the shallow water table one would not expect to see any bomb related tritium
at this site anymore. However, with a background level of about 20 TU in precipitation, a

tritium concentration of 1.2 TU is surprisingly small.
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The assumption could be made that tritium is Jost somewhere in the unsaturated
zone. One pogsibility is tritium uptake by plants, which in this case would be the grasses
groWing on the pasture. Another possibility is exchange with hydroxyl groups on clay
surfacesrprcse'nt/in the unsaturated zone. The rate and the amount at which tritium is lost to
both, vegetation and clays, is very small.

If a seasonal change in water quality in the shallow well, as indicated by the

e

inorganic water chemistry, would be taken for granted then moisture in the unsatufated
zone would move at a very fast rate, and the tritium would move more or less accordingly.

It seems possible that a period without much precipitation and thus recharge is
reflected by the tritium‘content of the November 198¥ water sumple. Recharge in western
Kansas takes place in winter, when the ground is not frozen. and in spring, provided
enough moisture from precipitation is available.

This explanation of the low tritium content seems to be very likely, especially in
view of the tritium content of a core taken from 2.47 m 1o 3.1 m below land surface at this
site (see pp. 186-188). The tritium concentration in this 63 ¢m long core was 7.6+/-0.8
TU, a little more indicative of recent precipitation. The core was taken May 30, 1989, after
the recharge period. A more detailed description of the unsaturated zbne is given lateron.

It seems that the rate of recharge at this site could be very fas& and that any tritium
related to the emissions in the 1960's could have been flushed out of the ground water
system at this site. But without more information regarding the water quality throughout the
vear and the tritium distribution in the unsaturated zone it is not possible 1o make a more

precise statement.

ite 11
Two wells were installed in a well nest at this site in September 1988 by the Kansas

Geological Survey.
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The water level here is about 52.1 m below land surface. Fig. 33 in chapter 6
depicts hydrographs for both the wells. The shallower well is screened from 53.3 m to
59.4 m and the deeper well has a screened intérval from 68.6 m to 73.1m.

The ground water at this site was sampled-in‘NéQé%aber 1988 and August 1989 in
both wells.

Water collected from the shallow well plots as a Calcium-magnesium-l/)jg@rbonate
tyvpe water in the Piper diagram (fig. 44) in 1988 and 19§9. The magnesium
characterization of this particular ground water is not very pronounced: the magnesium
content was barely above 30 % meq/] in both years (30.16 % meq/1 and 30.15 % meqg/l).

Ground water tapped by the deeper screened well is a calcium-bicarbonate type
water.

The nitrate concentrations in the shallow well ranged from 14 mg/l to 15 mg/l,
ground water collected from ihé deep well at this site had a nirate content of 11 mg/l (table
).

The tritium content of the ground water in the shallower screened well at site 11
was 0.9+/-0.6 TU when sampled in November 1988. The water tapped by the deeper well
contained 1.1+/-0.6 TU. These results are too similar to indicate stratification of tritium in
the ground water.

Based on the depth to water at this site, the tritium has to be pre-bomb tritium. A
closer investigation of the unsaturated zone at this site more than supports this statement.-
The results of that investigation are discussed in detail under the subheading "Unsaturated

zone", p. 155.

Summary
In summary, the ground waters analyzed during this study can generally be
characterized as calcium-bicarbonate or calcium-magnesium-bicarbonate type waters. Only

atsites 1, 2, and 7 is this characterization not valid, ground water collected at these
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particular sites showed anthropogenic influences such as fertilizer application, and
influence of salt water intrusion.

At sités 3 and 4, which. are located about 2.4 km apart along the same lineament
(fig. 41), different ground water types {;.'ei'e encountered. The ground water site 3 is a
calcium-bicarbonate type water, whereas the ground water site 4 is a calcium-magr2sium-
bicarbonate type water. In general. concentrations of ali analyzed ground water corstituents
are higher at site 3 compared to site 4. which may be due to enrichment caused by
evaporation of water accumulated at the playa surtace. Besides being dependent on the
surface morphology, the difference in water chemisory may be due to different matzrials
present in the unsaturated zone and different farming practices. Based on the stancard
inorganic chemistry data it is impossible to say, if the lineament does or does not exert
influence on the ground water chemisiry and if it represents a preferential recharge area.

Tritium was detected in only 9 of the 15 wells sampled. All ground waters that
contained elevated tritium concentrations also showed higher nitrate concentrations than
ground waters with no detectable amounts of witium. Howevzr. this correlation becween
ritium and nitrate is most fikely to occur in agricultural areas where nitrogen ferul:zer is
applied. No evidence for the presence ot geologic nirogen was found.Table 12 lizzs the
tritium and nitrate concentrations tor the various ground waters sampled. At sites :. 2, 3,
6, and 7 the correlation between tritium and nitrate is especially evident.

Forsites 1, 3, 6, and 7 it was possible to deduce rates of vertical soil moiszure
movement based on the tritium concentration of the ground water. The rates are 1.3 m/vear.
0.7 m/year, a maximum of 1 m/vear. and (.6 my/vear for sites 1, 3, 6, and 7, respectively.
Site 1 is located on the edge of the sphere of influence of a center pivot irrigation svstem,

which explains the rapid rate of moisture movement from land surface to the grou=d water.

All other sites are located on non-irrigated land.
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Table 12: Tritium and nitrate concentrations in ground water in the study area

. Tritium content ~ Nitrate content
Location (TU) ~ (as nitrate, in'mg/1)

Site 1 2.8+4/-0.5 60.0

Site 2 23+/-1.7 37.0 -

Site 3 1.6+/-0.6 28.0
3.1+/-0.7 33.0

Site 4 <0.8+/-0.3 8.9

Site 5 <(0.8+/-0.3 16.0

Site 6a 1.9+/-0.7 22.0

Site 6b 1.753+/-0.6 25.0

Site 6¢ <0.8+/-0.5 13.0

Site 7 5.6+/-0.7 74.0

Site 8 <0.8+/-0.5 18.0

Site 9 <0.8+/-0.7 .5

Site 10a 1.24/-0.6 9.4

Site 10b <0.8+/-0.6 10.0

Site 11a 0.9+/-0.6 15.0

Site 11b 1.1+/-0.6 11.0

The above mentioned rates of vertical moisture movement should be considered

rough estimates only. Unless the sedimentology and the tritium/depth distribution of the

unsaturated zone is known, no precise statement regarding vertical flow rates can be made.

All encountered tritium concentrations in the ground water were well below the
calculated amount of winum derived tfrom the emissions in the early 1960's of 409 TU that
should, according to the tritium input function (see chapter 7), still be present in the
unsaturated or the saturated zone. It is possible, however, that ground water containing
bomb related tritium was diluted at site 1 and 7, so that it is not recegnizable as such
anymore. But without further information regarding the tritium concentration in the
unsaturated zone at these sites, this remains an assumption.

Freon was detected in only one ground water sample, the monitoring well at site 2.
The freon here can probably be attributed to the influence of artificizl recharge at this site.

Aurrazine tested negative in all the ground waters analyzed.



Surface Water

One intermittent stream sample was collected for standard inorganic chemistry and
stable isotope analyses: the Saline River in Sheridan County was sampled in March 1989.
The results of the standard inorganic analyses are listed in table 8.'Th’e/\;ater can be
described as a calcium-bicarbonate type water (fig. 44), indicating baseflow at the time of

sample collection. The stable isotope wralvsis supports this statement,

The tritium content was 3.6+/-0.9 TU, the nitrate concentration was, however, only
0.6 mg/1. Thus no correlation between tritium and nitrate is present in this case.

Some of the tritium was possibly conuibuted by precipitation.

le i nd carbon-14

Fig. 48 shows the stable isotope composition of all waters sampled during this
study, including ground-, surface-. and soil waters as well as precipitation. Table 13 lists
the results of the analyses and the calculated deuterium access parameters. The mean annual
air temperature at the time of precipitation for these meteoric waters was calculated
accordingto T = Mcf (Foerstel et al., 1975) and is listed in table 13 as well.

.3

All water samples plot close to the meteoric line as established by Craig (1961).
confirming that precipitation was the origin of all waters analyzed. The meteonc water line
for the study area based on the results of the stable isotope analyses of the collected water
samples is depicted in fig. 48 as well. With the exception of ground waters collected at sites
3 and 4, all ground waters plot relative.y close together along the meteoric lire.

The temperature dependency of deuterium and oxygen-18 is very obvious in
table 13. The more depleted in oxygen-18 and deuterium the water samples are, the lower
the mean annual air temperature at the 1ime of precipitation was.

The ground waters sampled at sites 3 and 4 show the coolest and the warmest air
temperature, respectively , also documented by their opposite position along the meteoric

water line. These two sites are located abourt 2.4 km apart and the same lineament transects
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Table 13: Stable isotope concentrations in ground water, surface water, soil moisture and
precipitation in the study area. Deuterium access parameters and the average annual air temperature
at the time of precipitation are listed as well

-

o ]
D access Average annual

Location Date sampled 0!8 . D parameter - air T (°C)
Site 1 Nov. '87 -11.6 -86 6.8 0.5
Site 2 Nov. '87 -11 -81.5 6.5 2.1
Site 3 Nov. ‘87 -1.7 -57.5 4.1 10.8
May ‘89 -6.5 -49.07 2.93 13.9
Site 4 Nov. ‘87 -12.6 -92 8.8 -2.1
Site 5 - Nov. ‘87 -11 -79 10 2.1
Site 6a Nov. ‘8§ -10.4 -79.64 3.58 3.6
Site 6b Nov. '88 -9.9 -78.1 1.1 5.0
Site 6¢ Nov. '87 -9.6 -69 7.8 5.8
Site 7 Nov. '87 -10.9 -79.5 7.7 2.3
Site 8 Nov. '87 -11.6 -86 6.8 0.5
Site 9 Nov. '87 -10.8 17 9.4 2.6
Site 10a Nov. ‘88 -10.3 -78.59 3.81 3.9
Site 10b Nov. ‘&8 -10.1 -76.90 3.90 4.4
Site 11a Nov. '88 -10.4 -76.74 6.46 3.6
Site 10b Nov ‘88 -10.5 -81.48 2.52 3.4
Site 3
shallow lvsimeter
(10.8 m; March '89 -7 -49.46 6.54 12.6
deep lysimeter
(19.7 m» March '§9 -6.3 -48.94 1.46 14.4
Site 11
deep lysimeter
(19.8 m) March '89 -11.5 -80.44 11.56 0.8

Saline River March '89 -9.8 -75.55 2.85 5.2
Precipitation Nov. '87 -8.6 -61.5 7.3 8.4
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both sites (fig. 41). If lineaments indeei ~ave an influence on the recharge process to the
Ogallala aquifer, this large difference i s:able isotope concentrations of the two ground
water samples should not be present. Th.s it is concluded that there is no preferential
recharge at least along this particular lincumen:. The difference in stable isotope
concentrations in ground water at the two sites located close to this lineament is attributed to
the morphological difference of the site .~cations. i.e. site 4 is located in an upland area
with a depth to water of about 50 xﬁ anc :he sie 3 is located in a playa-like structure, where
the depth to water is about 18 m less than at site 1.

The ground water collected trorm e irrigaton well at site 4 is the most depleted
water of all waters analyzed. The calcul.:ed mean annual air temperature at the time of
recharge was -2.1 °C. This means, that :ne¢ this parncular ground water was recharged
either during the winter or in a generally cooler climate. To obtain an estimate regarding the
age of the ground water stored in the Ozzilala aquiter, this specific water sample was
analyzed for carbon-14. The resulting zz2 is 72.3 =-0.6 % modern or 801 years B.C.,, the
latter representing the age calibrated ag.inst the tree ring curve. Thus the ground water
sampled at site 4 could be Holocene in . 2e. however. without a carbon-13 correction this
can not be stated as a fact. As mentioned :dove. siie 4 1s located in an upland area, the
depth to water is about 50 m below lanc surtuace. It seems possible that all ground waters of
the Ogallala aquifer at that depth may be Holecene ) 1n age, if no apparent recharge
features are present and no artificial recarge occurs. However, more samples need to be
analyzed for carbon- 14 and carbon-13 ~zrore « conclusive statement can be made.

Without a carbon-14 analysis 12 ;s impossibie to deduce the age of ground water
from stable isotope analyses. A good exampie tor this is the result of the oxygen-18 and
deuterium analyses of soil water collec:zd tfrom the deep lysimeter at site 11, located 19.8 m
below the land surface. The soil water iz depieted with respect to stable isotopes compared
to the precipitation sample and most o:=er wezar samples analyzed. It plots close to the

ground water sample collected from sizz -, which was determined to be Holocene (?) in
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age. But with a tritium content ot 46 TU on the average the soil water in the unsaturated
zone at site 11 is certainly not Hoiocene in age, but of very recent origin. The precipitation
and the subsequent recharge of this purticular soil water very likely occurred during the
wiiter as indicated by the calculated n:ean annual air temperature of 0.8 °C. In this case,
there is no connection between the siahie isotope composition and the tritium content or the
age of the sample.

The waters with the highest stible isotope concentrations were collected at site 3,
which is located in a'playa-like structure. Both ground water samples taken in November
1987 and in May 1989 and the soil water samples show high calculated mean annual air
temperatures at the time of precipitation, rarging from 10.8 °C to 14.4 °C. The ground and
soil waters sampled at site 3 were recharged under warmer iemperatures than the rest of all
the analyzed waters, probably in the t:me period trom spring to tall. Evaporation processes
may have caused additional enrichment of the waters infiltrating the ground.

The difference in stable isotops composition between the two lysimeters at site 3.
located at 10.8 m and 19.7 m, respectively. is also retlectec by the standard inorganic
analyses and the tritium content. The soil water collected from the shallow lysimeter 1s
more depleted in stable isotopes than :ie soil water collected from the deep lysimeter and
also plots a little further away from the meteoric water line. which indicates a higher degree
of evaporation. Thus the two soil waters seem to have been recharged under different
conditions, possibly in different seasons. The differences in soil water chemistry are
discussed in greater detail lateron.

The precipitation sample collecied in November 1937 in Colby is more depleted in
oxygen-18 and deuterium than the saimples collected at site 3, which is also documented by
the calculated surface temperature for the precipitation sample: 8.4 °C.

The stream sample of the Salir2 River collected in March 1989 plots in the vicinity
of most of the groundwater samples i fig. 44. thus indicating base flow at the time of

sample collection. This coincides we.: with the standard inorganic water chemistry results.
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The deuterium access parameters calculated for all samples analyzed (table 13)
range from 1346 to 7.3, indicating different vapor torming processes of the respective

precipitation the samples were derived from.

Summary

In summary, stable isotopes are not useful for differentiating between older and

younger waters, unless other dating methods such as carbon-14 and tritium are employed
as well. Without knowledge regarding the origin of the precipitating air mass much caution
is needed in the interpretation of stable isotope analyses.

One of the intents of analyzing tor stable 1sotopes in this study was te investigate a
possible connection between trittum content and stable isotope composition of Ogallala
ground waters. Apparently, no connection does exist.

Based on the stable isotope analyses of the ground waters encountered at site 3 and
4, located only about 2.4 km apart along the same lineament, these structures do not exert
any influence on the recharge process to the Ogallala aquifer. At least in this case, the depth
to ground water combined with the difference in morphology between the two sites is the
relevant factor as far as recharge is concerned. Most ground waters of the Ogallala aquifer
analyzed for stable isotopes have a similar isotopic composition as indicated by fig. 48 and

table 13.

Unsaturated zone

At three sites in the study area lysimeters were installed and/or soil cores were
taken. Fig. 41 shows the location of these sites.

Two types of pressure/vacuum lysimeters were installed, depending on the depth of
placement in the unsaturated zone. For depth up 0 15 m the model 1920 lysimeter from

Soil moisture Equipment Corp. was used, whereas for greater depth the model 1940 from
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the same company was installed. The ditference between these two models is the presence
of check valves in the 1940 model to prevent over pressurization of the lysimeter.

The lysimeters were installed using an auger rig. After the lysimeters were set, the
holes were back filled with natural material with intermediate layers of bentonite to prevent
the development of conduits for moisture percolating from the land surface down to the
lysimeter.

The lysimeters were set in about 15 pounds of silica tlour, which surround the
ceramic cup at the bottom of each lysimeter. The silica flour acts as a dessicant and
enhances moisture extraction from the soil. Vacuum was applied to the lysimeters in order
to create a pressure gradient from the soil to the lysimeter. The soil water collected in the
ceramic cup was sampled by pressurizing the lysimeter.

The lysimeters were sampled for standard inorganic chemistry, tritium, and stable
isotopes. The samples intended for isotope analyses were extracted by using nitrogen gas -
to pressurize the lysimeter. Samples for the analyses of standard inorganic components
were retrieved by pressurizing the lysimeter with air oxygen.

Specific conductivity and pH were measured in the field and in the laboratory,
whenever enough sample water could be extracted tor these measurements.

Because of the soil moisture conditions in the unsaturated zone, it took about 3
months before the lysimeters could be sampled atter installation.

Generally, the lysimeters were lett under vacuum conditions for about 2 weeks to
ensure a sufficient quantity of soil water collectable for analyses.

Yields in the lysimeters ranged trom about 60 mi to nearly 600 ml.

Soil cores were taken with a trailer mounted Giddings rig pushing a 1.2 m long
core barrel into the ground. and with a ruck mounted auger rig, using a 0.6 m long and 5
cm in diameter split spoon sampler. The split spoon sampler was drilled into the ground

inside the auger flights.
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Particle size distribution was determined according to the method described by Day
(1965) and Gee & Bauder (1986), the calcium carbonate content was determined according
to Dreiman‘is (1962), and the‘ moisture content was determined using the gravimetric
method described by Gardner (1986). Nitrate and tritium concentrations were analyzed as
well as porosity. However, it was not possible to analyze all cores consistently for these
parameters. e

At the final depth installation of the lysimeters soil samples were collected for the

analyses of atrazine. None of the samples tested positive for atrazine.

Site 3

This site is located in a playa-like structure. A well was installed here in 1987 and
subsequently sampled for standard inorganic chemistry, isotopes, freon, and atrazine.
Based on the results it was assumed that tritium stratification may occur in the ground water
at this site. Thus a second well was installed in September 1988, which was screened
higher in the aquifer than the well previously sampled. However, it was not possible to
develop the new well sufficiently and no formation water sample could be collected. Thus 1t
was decided to obtain information about the unsaturated zone instead. |

Two lysimeters were installed at this site in September 1988. One lysimeter was
placed at a depth of 10.8 m, referred to as the shallow lysimeter in the following text, and
another lysimeter was installed at 19.7 m depth below land surface. lateron referred to as
the deep lysimeter.

In April and July of 1989 a complete set of standard inorganic chemistry analyses
was performed on water collected from both the lysimeters. In December 1988, and June,
August and September 1989 the soil water samples were only analyzed for sulfate, chloride
and nitrate concentrations. In November 1989 only the nitrate content was determined.

The shallow lysimeter yielded a calcium-sulfate-bicarbonate type water, whereas the

soil water collected in the deep lysimeter can be characterized as a calcium-bicarbonate type
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water (Fig. 49). This characterization is valid for the months of April and July 1989, when
complete anafyses were performed.
As indicated by the different soil water types encountered the soil water chemistry at
a depth of 10.8 m differs co‘n’"s‘idé/rabl)' from the one at :9.7 m depth. Table 14 shows the
inorganic chemistry data for both lvsimeters.

Generally, the water vielded by the deep Ivsimz:er has higher concentrations of
nearly all analyzed constituents, except for sodium and sulfate.

Sulfate concentrations are about twice as high i the shallow lysimeter as compared
to the deep one, with the exception of December 1988, hen the water collected in the deep
lysimeter had a sulfate concentration ot 230 mg/l and w as thus 32 mg/l higher than soil
water yielded by the shallow lysimeter.

Chloride concentrations are three to seven times higher in the deep lysimeter as
compared to the shallow lysimeter.

A more or less fourfold increase in nitrate conceauations can be observed from
10.8 m to 19.7 m depth at this site. The nitrate concentzazion in soil water collected from
the shallow lysimeter was 39 mg/l on the average. wherzas the average concentration in
water from the deep lysimeter was 156 mg/l nitrate.

The differences in the anion content between sci. waters collected from the shallow
and deep lysimeters are not quite so dramatic (see table 14).

The analyses on water yielded by the shallow I+ simeter indicate a general decrease
in sulfate and chloride from March to September. Nitrz:2s remain more or less at a constant
concentration. The complete analyses perfonned in Apmi and July are nearly identical for
the anions and nitrate, chloride and sulfate. However,t=2 sulfate concentration went up
from April to June and declined subsequently from Jure to July to nearly the same
concentration as in April.

The soil water collected in the deep lysimeter 129.7 m depth) shows a similar

behavior as the water sampled from the shallow lysime:zr over the same period of time.
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Concentrations of sulfate and chloride generally decrease and the anions remain more or
less constant from April to July. Nitrate concentrations in the soil moisture at this depth
show a slight decrease, whereas the concentrations at the depth of the shallow lysimter
(10.8 m depth) seemed to be more constant. At the depth of 19.7 m the sulfate and chloride
concentrations in the December 1988 sample are higher than in all the consecutive samples
taken from the deep lysimeter, possibly indicating the movement of a slug caused by
fertilizer application through the unsaturated zone. Unfortunately, no nitrate analysis could
be performed on the December 198% sample, because of the insufficient water quantity
yielded by the deep lysimeter at that particular time. However, if the high chloride and
sulfate concentrations would have been caused by leaching of minerals in the unsaturated
zone, this would have been documented in all consecutive samples as well. This not being
the case, the December 1988 analysis represents an anthropogenic factor in the water
chemistry. Fertilizer application on the surface of the playa structure or in the surrounding
area would be a possible cause. Based on the fact that chloride, sulfate and more or less
nitrate concentrations as well display a decreasing trend from December 1988 to September
1989, it is fairly safe to assume that this wend represents the tail end of a slug, which was
probably at or close to its maximum in December 1988. The lack of February and March
data prevents a more conclusive statement.

The difference in soil water chemistry between the moisture from the depth of 10.8
m and 19.7 m is also reflected in the witium concentrations. Water from the shallow
lysimeter shows a tritium concentration below the detection limit of 0.8+/-0.6 TU, whereas
moisture from the deep lysimeter is characterized by a tritium content of 4.8+/-0.7 TU.
Both the samples were taken in March 1989.

The stable isotope analyses reflect the above mentioned differences as well. Soil
water taken from the shallow lysimeter is more depleted in oxygen-18 and deuterium than
soil water collected from the deep Ivsimeter. The deuterium access parameters of 1.46 at

10.7 m depth and 6.54 at 19.8 m depth (table 13} emphasize the difference and indicate a
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different vapor forming process tor the precipitaiing air masses and thus a different origin
of the respecti‘ve air masses. Fig. 48 depicts the location of the two samples relative to the
meteoric water line. The water sample taken from the deep lysimeter plots férther away
from the meteoric line, indicating that the precipitanon from which the sample originated
was probably subject to a greater amount of evaporanon than the precipitation that
contributed to the sample collected trom the shzilow lysimeter. The difference in position to
the meteoric line of the two lysimeter sampies can be interpreted as a seasonal effect. Water
collected from the shallow lysimeter could have been derived from fall, winter or spring
precipitation, which would result in depletion o1 stable isotopes due to the cooler air
temperature and less influence of evaporation. The water sampled from the deep lysimeter
could have been derived from late spring/early summer precipitation, thus exhibiting
enrichment in the stable isotope component compared to the soil water coll¢cted in the
shallow lysimeter and a greater influence of evaporation.

The difference in nitrate concentrations between 10.8 m depth and 19.7 m depth in
the soil profile at this site could support this theory. Ferilizer is usually applied in late
spring for the summer crops and in August/Seriember for the winter wheat.

However, this does not explain the absence of tritium in the water sample collected
from the shallow lysimeter.

Soil cores were taken at different depths at this site and subsequently analyzed for
particle size distribution and calcium carbonate content. Cores from the upper 3 m of the
unsaturated zone were analyzed for nitrate und soii moisture content as well. The following
intervals were cored: from 0 m to 3 m a contir:ous core was taken, the next interval was
cored from 6.2 mto 10.8 m, and lastly a core vas obrained from 18.4 mto 21.5 m. Except
for the upper 3 m the cores were originally ob:zined 1o check the unsaturated zone for the
most suitable locations for the installation of th2 Ivsimeters. This explains the depth

distribution of the cores.



163

Appendix C lists the results ol the particle size and the calcium carbonate content
analyses as well as the moisture content in the upper 3 m of the profile. Fig. 50 depicts the
obtained data in form of graphs.

The particle size distribution in the unsaturated zone at this site may explain the
absence of tritium in the shallow lysimeter and the differences in general water chemistry
and stable isotope concentration between samples from the shallow and the deep lysimeter.
The sediment at 10.8 m1 depth where the shallow lysimeter is located is characterized by a
higher clay and silt content and a lower sand content than the sediment at 19.7 m depth, the
location of the deep lysimeter. The sand, silt and clay contents at 10.8 m depth are 12.4%,
62%, and 25% respectively. At 19.7 m» deptn the send component makes up 27% and the
silt and clay contents are 54% and 15%. respectively. Also, the clay content in the section
above the shallow lysimeter up to 2.6 m below land surface is fairly high: 34% on the
average. The clay content in the zone between the two lysimeters shows a generally
increasing trend. There are no data available from about 10.8 m to 19.3 m depth. Thus only
general trends can be deduced from this intervat.

It seems possible that the clay content in the sediments above the shallow lysimeter
and in the zone between the two lysimeters restricts or slows down the vertical movement
of soil moisture. At a depth of 3 m the sediment was so clayey and compact that it was
impossible to obtain further soil cores by using the Giddings rig. Incidentally, the calcium
carbonate content at this depth shows a marked increase (fig. 50). To a depth of 7.4 m the
calcium carbonate content remains fairly high ar around 12 %. From 7.4 m 10 9.3 m depth
the calcium carbonate content decreases and stays at an average level of about 2.8 %. This
behavior may also influence the permeability of the sediment.

It is possible that any moisture that infilirates the unsaturated zone at the surface will
be slowed down considerably around 2.6 m depth. The clays could potentially more or less

inhibit vertical flow and thus act as a semipermeable boundary. If this is true the ritium
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peak from the 1961/62 emissions could still be above 0.8 m, the depth of the shallow
lysimeter. :

The particle size distribution (fig. 50) indicates a generally increasing trend
regarding the clay content in the zone between the two lvsimeters, i.e. between 10.79 m
and 19.29 m depth, suggesting low permeabilities. Thus it is also possible, that the tritium
peak may be present between 10.79 mand 19.29 m cepth.

The adsorption of tritium by clay minerals seem 1o have only a minimal effect on the
tritium concentration in the unsaturated zone. Stewart 11965, 1967) found that tritum
fractionation occurs by diffusion of the tritiated water tarough the soil. The tritium is
slowly interacting with the clays, i.e. exchange with hvdroxyl groups takes place,
preferentially with fractured edge and surtace exposec hydroxyls. In general, the rate of
exchange is dependent on the clay tvpe, the moisture availability, i.e. the concentration of
available tritiated hydrogen atoms and the time of exposure (Rabinowitz, 1969, Stewart,
1965). Isotopic exchange between tritiated water and hvdroxyl groups of clay minerals is
more important in kaolinite clays (Gvirtzman & Magariiz, 1986). Here the available
hydroxyl groups are readily accessible at the surface, whereas for illite and montmorillonite
available hydroxyl groups are mainly present on the edges of the clay plates. Halevy (1964)
found the percent exchange of tritiated water with surface hyvdroxyls in kaolinite to be less
than 1 %. If this is true, the percent exchange in illite and montmorillonite should be even
smaller, because of the lower accessibility of hvdroxyi groups.

Thus it is possible, that some of the tritium in e soil protile at this site may have
been adsorbed onto clays, if the rate of vertical moverent was sufficiently slow and thus
enough time was given for exchange of tritiated water with the clays. But any bomb related
tritium present in the unsaturated zone would certainly still be recognizable as such, even if
tritium adsorption by clay minerals occured.

Thus with the data available for this site at this point in time, the most likely

explanation for the difference in water chemistry, tritium and stable isotope concentration
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between the shallow and the deep lysimeter, would be lateral flow at the depth of the deep
lysimeter, po§sibly enhanced by the geometry of the playa and of course by the sandier
sediment. If the tritium and the high nitrate concentrations in the soil water collected at the
deep lysimeter moved vertically. the enrichment of the moisture in these two components
must have happened between 10.8 mand 19.7 m depth, which seem to be very unlikely in
cm the nitrate concentration is 124 mg/l. caused by fertilizer application. It then decreases
very abruptly to 9.7 mg/l at 90 cm depth and decreases from thereon downward. At a depth
of 2.9 m a slight increase in nitrate occurs to 11.5 mg/l. However, it seems very unlikely
that the increase would result in a value as high as 160 mg/l, as detected at th: depth of the
deep lysimeter. Assuming the same behavior tor every application of fertilizer, i.e. a
marked decrease in concentration trom the surface downward as described above, the
nitrate concentrations at the depth of the deep lysimeter can not result from vertical
movement of fertilizer nitrate at this site. The field farmed within the playa was never
placed under irrigation, wheat is grown under dryland conditions. Thus the vertical
movement of soil water constituents is solely dependent on the amount of precipitation
infiltrating the unsaturated zone.

The presence of a high amount of geologic nitrogen at a depth of 19.7 m can
probably be excluded, because the chloride concentration at this depth is high as well. The
parallel occurence of high nitrates and chlorides indicate an anthropogenic source, 1.¢.
fertilizer, especially because no sources tor chloride are naturaliv present in the unsaturated
zone.

Without further data regarding the witium distribution with depth at this site it is not
possible to calculate the rate of vertical soil moisture movement or the rate of recharge. No
tritium peak resulting from the thermonuclear explosions in the vears 1961/62 was found at
the depths sampled in the unsaturated zone at this site (10.8 m and 19.7 m below land

surface). The ground water at this site displays a lower witium content than the soil water
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collected at the deep lysimeter. Taking all the duta available into account it is concluded that
the tritium peak is still in transit in the unsaturated zone, possibly above a depth of 19.7 m

and maybe even above 10.8 m depth.

-

Site 10

This site is located in the vicimity of an iniennitient stream in a pasture. The depth to
ground water is only 3.6 m below lund surfacc. the shuilowest water level of all the
different research sites that were investigated during this study.

The ground water at this site did not show appreciable amounts of tritium, 1.2+/-
0.6 TU and <0.8+4/-0.6 TU. A lysimeter was installed here in September 1988 at a depth of
3.2 m below land surface, but it was never possible to retrieve a sample. It is very likely
that the ceramic cup of the lysimeter cracked during installation so that the lysimeter never
held vacuum.

Because it was impossible to use the lvsimeter, a soil core for tritium analysis was
taken instead. Using a Giddings rig, a 63 cm long core was collected at the end of May
1989 at a depth from 2.47 m to 3.1 m. The trizium concentration in this core was analyzed
to be 7.6+/-0.8 TU. This value is higher than the tritium encountered in the ground water
of the shallow well (1.2+/-0.6 TU), which is screened from 4 mto 7 m below land
surface. However, the tritium concentration in ine sampled interval in the unsaturated zone
is too low to indicate bomb related tritium.

A clearly defined soil profile is present at tnis site. The A-horizon, characterized by
a dark, silty, structureless soil ranges from () m to about 30 cm depth. A more clayey B-
horizon, displaying a prismatic structure, is present rrom 80 ¢m to 1.28 m depth, followed
by a silty, calcareous C-horizon. Sand laminazizons within the sediment document the

alluvial character of the unsaturated zone.
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Fig. 51 shows the particle size distribution. calcium carbonate and nitrate content
from 30 cm to 3.3'm depth. Samples for moisture content were taken at the same depth the
core for tritium analysis was collected from.

The silt contéht'f/‘a}nains more or less constant throughout the sampled section at an
average of 62.5 %, whereas sand and clay contents vary from 1.69 % to 41.35 % and
5.19 % to 34.57 %, respectively. From 1.2 m 10 1.8 m depth the material is very sandy
(41.35 %) and from 2.2 m to 2.7 m the clay conponent is the dominant particle size.
Except for these two peaks, the profile is fairly uniform in regard to the particle size
distribution. |

The calcium carbonate content increases trom 2.52 % at 30 cm depth t09.33 % at a
depth of 2.4 m. It then decreases abruptly to 2.85 ¢ at 2.4 m depth and increases again to

5.92 % at 3.1 m depth.

The nitrate concentration is low and more or less constant with depth, it ranges
from 1.33 mg/l t0 2.21 mg/l.

The moisture content is very high in the interval sampled, the average value is
29.3 w %. This is caused undoubtedly by the shallow water table at this site.

Based on the results of the ground water analyses at 'this site and the tritium content
of the core, it is very likely that the tritium peak from the 1961/62 emissions is no longer
present in either the unsaturated or the saturated zone. Because of the shallow depth to
water, the bomb related tritium travelled through the unsaturate zone, reached the ground
water and was subsequently flushed out of the system.

If the vertical rate of soil moisture movement of 0.5 m/year calculated for site 11 is
applied here, this behavior has to be expected. Considering a vertical rate of movement of
0.5 m /year, the tritium would have reached the ground water 7.2 years after it first entered
the unsaturated zone. Taking the particle size distribution of these two site (sites 10 and 11)
into account, the moisture at site 10 mziy have moved a little slower than 0.5 m /vear. The

sediment at this site (site 10) is characterized by an average sand content of 16.7 % and an
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Figure 51: Particle size distribution, calcium carbonate-, nitrate- and moisture content in the unsaturated zone at site 10



170

average clay content of 20.7 % to a depth of 3.1 m, the depth that marks the end of the soil
core taken for tritium analysis. The unsaturated zone of site 11, for which the vertical soil
moisture movement cduld be calculated‘, is made up of an average sand content of 19 % and
an average clay content of 19.2 % to the depth zu/\;/hich the tritium peak was found. Thus at
site 10 there is less sand and a little more clay present in the unsaturated zone. However,
the difference is probably not enough to account tor a major difference in the rate of vertical
soil moisture movement.

The tritium content of 7.6+/-0.8 TU of the core has to be caused by more recent
precipitaton. Even if the rate of vertical movement is cut into one half to 0.25 m/year,
which is probably too low, the precipitation that caused the mitium content of the core
would have been derived from the years 1977/78. Under this assumption the bomb tritum
would have reached the water table atter about 14 years, in 1977.

It seems thus fairly safe to assume that the tritium produced by the bomb explosions
in 1961/62 is no longer present at this site. neither in the unsaturated zone nor in the ground

water.

ite 11

This site, located in an upland area with no apparent recharge features such as
lineaments, intermittent streams and plava-like structures close to it. During the time period
from the beginning of the investigations at this site in September 1988 to September 1989
the field the site is located 1n was not furmed.

The loess cover at this site is about 13 m thick.

Originally, two lysimeters were installed at this site in September 1988, one at a
depth of 12.2 m and another one at 19.8 m depth. The shallow lysimeter never yielded any
water. It was retrieved in November 1989. The ceramic cup and the lysimeter in general
were intact, which was expected, because the lvsimeter did hold vacuum. However, rests

of the 15 pounds of silica flour the lysimeter was embedded in that were still attached to the
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ceramic cup after the lysimeter wus pulled. were completely dry. Based on this fact it has to
be assumed that macropore flow takes place at this particular depth in the profile. The

lysimeter did not vield any water. because there simply was no moisture available at that

-

depth. The soil moisture apparently circumvented the location of the lysimeter.

The lysimeter at 19.8 m depth could be sampled and the results of the standard
inorganic chemistry analyses are listed in tible 8. Samples were taken in December 1988
and in March, April. June. July, August. September and November 1989,

Two complete sets of standard inorganic analyses were performed on the April and
July samples. According to the resulis of these analyses the soil water at 19.8 m depth can
be characterized as a calcium-bicarbenate type water. The analyses performed on the April
and July samples are nearly iden:ica..

Throughout the time pericd mentioned above, the lysimeter was sampled for
sulfate, chloride and nitrate. The chemistry of the soil water did ’not change much in regard
to these constituents. The sulfate conent decreased from December 1988 to November
1989 from 35 mg/1 10 26 mg/l. The crioride concentrations remained more or less constant,
but show minor fluctuations. The lowest chloride contents occured in April and September,
the values are 1.9 mg/l and 1.8 mg/l. respectively. The highest chloride content occured in
July with 4.1 mg/l. Nitrate concentruazions remained nearly constant from April to
November 1989, thev range trom 26 mg/l to 28 mg/l. Thus, based on the standard
inorganic chemistry results no evidernce for vertical movement of a slug as observed at site
3 is present at this site during the iz montored.

The stable isotope conter: of the soil water collected in the lysimeter at 19.8 m
depth is depicted in rig. 48 and listec in table 13. There is a marked difference berween the
soil water at site 3 and this site as far as the stable isotope content is concerned. The
samples plot on opposite ends of the meteoric water line (fig.48). Soil water sampled at this
site (site 11) is much more depleied :n oxygen-18 and deuterium compared to the soil water

at site 3. The deuterium access parameters emphasize this difference. The soil water
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collected at site 11 show s i deuterium access purameter of 11.56, which is considerably
more than the deuterium zccess parameters of the soil water samples collected at site 3.
Although the deep lysimzter at site 3 and the lvsimeter at site 11 are located at nearly the

same depth, 19.7 m and 9.5 m respectively, the difference between the samples retrieved

Zreat

from these lysimeters is

According to the zquazion by Foerstel et al. (1975) the mean annual air temperature
at the time of recharge v. 25 0.76 “C tfor the soil water sample collected at site 11, whereas
the mean annual air temperature at the time of recharge for the sample retrieved from the
deep lysimeter at site 3 w.as 13.4 “C. The soil water at site 11 was recharged under cooler
temperatures, which is .30 documented in the higher rate of depletion of the stable
isotopes. The soil water :t site 11 is thus recharged in a different season, possibly from
snow melt,

It is impossible 12 use the stable isotope data of thcée two lysimeter samples to
deduce a difference in vertical soil moisture movement at the two sites. The difference in
the season of recharge could be within the same vear, or the soil water at site 3 could have
been recharged in late spring/early summer of a given year and the soil water at site 11 was
recharged several years carlier or later.

This is a good example of the limitations of stable isotope analysis for age
determinations. Withou: other types of analyses such as Carbon-14 or tritium, the only fact
that can be determined v.ith certainty by stable isotope analysis is that there is a difference
in age. But it is imposs:~.¢ o determine 1ust how great this age difference is.

The tritium conczntration at 1Y.X m depth at site 11 was 43+/-2.9 TU in March
1989, 48+/-3.1 TU in J.ne of 1989 and 47+/-8 TU in November 1989. Taking the error
range into account, the :=ium content wis essentially constant from March to June. The
tritium here is definitel derived trom bomb explosions. The background tritium
concentration in precip::ziios is about 20 TU in the study area, thus it seems impossible that

recharge from recent przcipitation resulted in a tritium of more than 40 TU. The tritium
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concentration at site 3 at about the same depth was only 4.3+/-0.7 TU. Thus the soil water
at site 3 is either older or vounger than the soil water at site 11.

Calculating with a halflife of 12.3 years, the tritium content at site 11 at 19.8 m
depth would have been about 198 TU in 1963. which is a little low according to the tritium
input function (fig. 38 and tig. 39). Thus the recharge mus: have taken place either before
or after 1963. According to fig. 38 precipitation derived rom the years 1955, 1956, 1960,
and 1961 as well as 1972 to 1982 that infilirated the ground as recharge could have a
tritum content around 40 TU in 1989, However, the triuum input function in fig. 38 does
not take evaporation rates into account, but represents average annual tritium concentration
in precipitation. Considering rechar ze to take place only from October to March, the triium
concentrations available to infiltrate the unsaturated zone via precipitation will be
considerably less.

Table 6 lists the witium concentrations in precipitation from 1953 to 1984
considering only the potential recharge period from October to March. The tritium
concentrations left in 1989 after radioactive decay took piace are listed as well. Loss of
tritium caused by plant uptake andsor udsorption onto clays or soil organic matter is not
considered.

According to table only the precipitation in 1970 and during the time period from
1962 to 1966 can be excluded with certainty as a cause for the witium concentration in the
soil water at 19.8 m depth at this site.

In the beginning of November 1989 an additiona: :ysimeter was installed at this site
at a depth of 13.1 m. At the end of November a sample was collected for the analyses of
sulfate, chloride and nitrate. Chloride and sulfate concenirations were considerably higher
compared to the soil water collected in the lysimeter at 19.5 m depth: 47 mg/l and 124 mg/l,
respectively (table 15). Nitrate concentrations were about the same at 13.1 m depth and a
depth of 19.8 m. Sulfate and chloride ure hardly adsorbad in the unsaturated zone, they can

be considered as fairly conservative constituents. Beth sulrate and chloride can be
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incorporated into the soil protile as by-products of riogen ferilizer. The reason, the
nitrate concentration is not higher at 13.1 m depth compared to 19.8 m depth can be
twofold: 1) nitrate is not a conscfvzuive constituent. «nd 2) nitrate is being used to a higher
degree by growing crops.

The tritium content in the soil water collectec it the shallow lysimeter at a depth of
13.1 m was 172.9+4/-11.4 TU in December 195y, As contirmed by the soil cores collected
at this site, t}ﬁs amount of tritium represents the tritium peak in the soil profile.

This result implies that the tritium concentrat:on of about 48 TU in the soil water
collected in the deep lysimeter at a depth of 19.8 m zas to be older than 27 years, i.e.
precipitation contributing to the soil moisture at this c2pth had to infiltrate tne unsaturated
zone before 1962.

At the end of September 1939 the upper ¥ n: of the unsaturated zone were cored at
this site. A core from 9.3 m 10 9.91 m was collectec :a the beginning of June 1989, and the
cores from 10.9 m to 21.34 m were taken at the end of October/beginning of November
1989. The different times the cores were taken were caused by problems in scheduling the
use of equipment.

Fig. 52 shows the particle size distribution. ciicium carbonate and moisture content
in the unsaturated zone at this site. Silt is the main component in the upper 13 m of the
profile with an average of 61.8 %. Average sand and clay contents are 19 % and 19.2 %,
respectively. The interval from about 6 m to 10 m dezth is characterized by a wildly
fluctuating particle size distribution:. As indicated by e high calcium carbonate content as
well, this interval may represent an old erosional suTace, possibly the boundary between
the Peoria loess and the overlving Loveland loess. From about 13 m depth on downward
the sediments become more sandy and grade into seciments characteristic for the Tertiary
Ogallala formation.

Fig. 52 depicts the moisture content and the porosity rrom land surface to a depth of

21.3 m. Samples for moisture content were taken i~ June, September and November 1989.
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Figure 52: Particle size distribution, calcium-carbonate, nitrate and moisture content
as well as porosity of the unsaturated zone at site 11
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The samples were collected from the »:me cores the tritium analyses weré performed on.
Approx_iniafel} the same depth was ccred in June and September 1989, however the
samplés were generally not taken tro:: exactly the same dept‘h’ intervals. Also, the acfual
location whéféiﬁg'core was taken at :=2 site varies by about 53 m.

The general trend of the mois:.re curve shows a decrease in moisture content from
June to September. The average mo:-i..ze concentration in the profile from land surface to
9.9 m depth in June was 17.08 w%. = Sepiember a total depth of 9.1 m was cored, and
the average moisture content over this interval of the unsaturated zone was 13.12 w%.

In NovemBer 1989 only cores i’rom 4 depth of 10.9 m 10 21.3 m were collected and
subsequently analyzed for moisture. 7 ne average moisture content in this interval was
13.5 w%. The very low moisture cezcznirziions in the interval from 16.4 m depth to 18.6
m can be attributed to the very sandy character of the sediment at this depth.

Porosity values were obtainec :or cernain dépth of the profile from some of the
cores collected for moisture and tritizm analvses. Porosity data from 0.5 m, 1.8 m, 3.0 m,
42m,53m,6.5m,7.5m,and 9.1 = were obtained in June 1989. In September 1989
porosity data were obtained from c¢ezins 07 2.5 m, 4.6 m, 6.1 m, 7.9 m, and 9.0 m. In
November 1989 only the porosity icr 2 depin of 13.04 m was determined. The porosity
results are depicted in fig. 52. Averzze porosity in June was 55.9 % from 0.47 mt0 9.2 m
depth. In September the average porosity from 2.5 m o 9 m depth was 45.8 %. Besides
being dependent on the particle size c:sibation the ditference in porosity throughout the
sampled section of the profile muy ..~ be Cue o difterent degrees of compaction of the
sediment while obtaining the cores.

Table 16 lists the results of =2 iz analvses performed on the collected soil
cores and the water retrieved from 172 lvsimeters, and fig. 33 depicts the results in the form
of a graph. The tritium concentratiors of the 60 cm long core intervals are plotted in the
graph as a value in the middle of the cored depih, i.e. if a core was taken for example from

0 cm to 60 cm depth, the witium corz2nt is piotied ar a depth of 30 cm in the diagram. If not -
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stated otherwise, the depth distribution of respective tritium concentrations in the following
text is derive(i from such interpolu.[,ioﬁ. '

The fritiﬁm concentration of i9.6+/- ! 2 TU from () cm to 60 cm depth and of
23.5+/-1.4 TU from 1.83 mto 2.44 m dgp[g in the protile can probably be attributed to 7
enrichment due to infii:ration of is&topicully heavier summer precipitation and enrichment
by evaporation. The lurer t‘zmu‘r nowever nuiy not amount to much-Foster & Smith (1980)
mention a maximum enrichmen[ of soil water by evaporation of 2 %. No fractionation and

thus enrichment of witium occurs during transpiration through plants (Zimmermann et al.,

1966).

Table 16: Tritium concentrations at difterent depth in the unsaturated zone at site 11.

Tritium (TU)
Depth interval Dute sampled concentrauon
0.00-0.60 9-30-89 29.0+/-1.9
1.83-2.44 9-30-89 23.5+/-1.4
3.66-4.27 9-30-89 3.9+/-0.6
3.49-6.10 9-30-89 1.7+/-0.5
~.31-7.92 9-30-89 1.5+/-0.5
¢.30-9.91 6-1-89 87.8+/-5.8
10.9-11.45 i1-1-89 109.6+/-7
12.5-13.08 11-1-89 167+/-10.5
13.12 12-4-89 172.9+/-11.4
14.32-14.93 11-1-89: 133.1+/-8
16.13-16.74 - 11-1-89 64.0+/-8
17.98-18.59 i1-1-89 78.0+/-%
19.84 Average of 3, 6 and11-89 46
20.73-21.43 11-1-89 18.5+/-1.6

As mentioned above. e upper 8 i or the unsaturated zone were cored at the end of
September 1989. In August and September 1989 45 mm and 42 mm of precipitation,
respectively, were recorded at the Colby weather stution. Thus it is possitle that a) some of
this precipitation infil:muted the unsaturated zone and was subsequently sampled or b) that
the precipitation pushed other moisture present in the soil which was also derived from
enriched summer rair seasonal witium etfect) downwird in a piston-type flow manner.

However, the amoun: of precipitation mentioned above was recorded at :the Colby weather
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station and not at the Hoxie weather station, the latter being located about 9.5 km to the
south of the si‘te‘ Precipitatioh in Kansas is known to be sporadic, thus it could be possible
that it rained in Colby while no:precipi/tation occurred in Hoxie. The more likely scenario
is, however, that the amount of ﬁreéii)itation at site 11 was larger than the precipitation
recorded at Colby as impli:ed by the nitrate distribution in the unsaturated zone.

The nitrate concentrations in the profile at this site at-the end of September support
the assumption that the elevated tritium concentrations to 2.44 m depth are caused by recent
precipitation. Fig. 52 depicts the nitrate concentrations in the soil profile down to a depth of
about 9 m. Nitrate analyses were performed on cores collected at the end of May and on
cores taken at the end of September, when the cores were also analyzed for trittum.

There is a marked difference between the two nitrate curves in fig. 52. The results
from the May analyses show hardly any nitrate in the profile, the values range from 2.2
mg/1 to 5.3 mg/l, whereas the September analyses indicate nitrate concentrations as high as
120 mg/l.

This can be attributed to the fact that the field was not farmed for at least one year
and thus no fertilizer was applied. According to the landowner nitrogen fertilizer was
applied in August of 1989 prior to the planting of wheat, and this is reflected in the
September analyses of the nitrate concentrations. A clearly defined peak occurs at a depth
of about 1.5 m. The maximum amount of time that could have passed between the
application of fertilizer and the collecting of the cores is two months. The only means by
which the nitrate could have reached a depth of 1.5 m in the soil profile is by movement of
soil moisture provided by precipitation.

Thus the nitrate concentrations at the end of September support the assumption of
recent rainfall possibly combined with evaporation as a cause for the elevated triium
concentrations in the upper 2.44 m of the unsaturated zone.

The vertical movement of moisture up to a depth of about 2.5 m, the depth where

the nitrate content does not show any influence of fertilizer application any more, would be
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about 2.5 m per 2 months or 1.25 m /month. However, this represents a conservative
estimate. The-rate of movement could in fact be higher th.an that. The landowner could not
remember when exactly the fertilizer wés applied in August, thus the two months represent
the largest time interval possible between the application of the’sf/er‘t;l’izer and the collection
of the cores. |

The rate of infiltration and the rate of downward movement of any moisture in the -
unsaturated zone is highly dependent on the amount of precipitation. The combined
precipitation of August and September 1989 recorded at the Colby weather station of 87
mm is not enough to result in this high a rate of vertical soil moisture movement, especially
not when the rate of evaporation is taken into account. Only vertical flow of moisture
through pores explains the observed rapid movement of nitrate of 1.25 m/month to a
satisfactory degree. Average porosity toa depth of 2.5 m is 58 % at this site, thus a
transmission of soil moisture through pores rather than the soil material itself is possible.

Thus it is concluded, that the rate of precipitation at site 11 was either very much
higher than the amount of rain recorded at the Colby weather station, or that the soil
moisture in the upper part of the unsaturated zone at this site is conducted by porous flow
only.

Unfortunately, the weather data from the Hoxie weather station were not available
when this report was written. The weather station is automated and the results are collected
at the Climatic Data Center in South Carolina. Data from 1989 will be released earliest at the
end of March of 1990.

The rate of 1.25 m/month as an average vertical movement of soil moisture in the
upper 2.5 m of the unsaturated zone at this site should be used with caution. Without a
raingauge on site and a daily recording of the rainfall and the rate of evaporation directly at
the site no precise statement of the vertical rate of moisture movement in the upper 2.5 min

the soil profile is possible.
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Several factors may influence the abrupt decline in tritinm content by about 19.6
TU, from 23.;+/-1.4 TU in the intefval from 1.83 m to 2.44 m depth to 3.9+/-0.6 TU
from 3.66 m to 4.27 m depth and the low tritium conéehtraﬁqus, of 1.74/-0.5 TU and
1.5+/-0.5 TU from 5.49 m to 7.92 m depth. Soil moistﬁ}é L;;)take by plants may have
caused a decrease in tritium concentration once the .tritium was incorporated in the soil.
Adsorpton by clay minerals and organic soil matter can be excluded as a diminishing factor
for the tritium content in the cored intervals analyzed, because the method of tritium
analysis from soil cores included toluene extraction of the soil moisture, which requires
heating of the soil sample to a temperature of 250 °C (see Appendix B for methods). At this
temperature the lattice water of the clay minerals will be removed as well as the adsorbed
water on the clay surfaces. Thus any tritium adsorbed onto or incorporated into clay
minerals will be accounted for. However, adsorption may have occurred from 2.44 m to
3.66 m depth.

But even all the above mentioned factors together would probably not account for a
decline of 19.6 TU and the very low tritium concentrations in the subsequently sampled
intervals. It could thus be possible that precipitation depleted in tritium might have
infiltrated the ground and caused the low tritium concentration observed.

The tritium input function (fig. 38 and table 6) does not show any correlation
between the low tritium concentrations encountered in this interval of the soil profile and
the trititum content in precipitation that could potentially have infiltrated the unsaturated
zone. According to fig. 38 tritium values corrected for radioactve decay below 20 TU only
existin 1953 and 1955. The tritium concentrations left in 1989 calculated from recharge
months only, listed in table 6, would be 5.2 TU in 1955 and 5.4 TU in 1953. However,
the data for 1953 could only be based on the months from October to December, because
no tritium data in precipitation are available prior to September 1953. Average tritium input
over the last 10 years is too young to have decayed to levels of 3.9 TU and lower as

detected in the soil profile at this site. Thus the low tritium concentrations from about 3.66
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m to 7.92 m depth can not be explained simply by a low tritium input into the unsaturated
zone. PossibI;' fast preferential flow along pores combined with soil moisture uptake by - -
plants, and adsorption onto clays may explain the low trittum values enéoimtered.

At 7.6 m depth the tritium peak in the profile starts to develop: the trititum content
increases to 87.8+/-5.8 TU. A small break in the trittum/depth distribution curve is prcscr;t
_ from 9.6 m to 11.2 m depth, when the increase in tritium is only about 21.8 TU compared
to a 86.3 TU increase above and a 57.4 TU increase below this particular sampling depth.
From the very clearly defined peak at 13.1 m depth downward the tritium concentration
decreases abruptly. At 16.4 m depth the tritium content has diminished to 64+/-8 TU and
may remain at that concentration to a depth of 18.3 m, if the error range of the samples is
taken into account. The average tritium concentration of soil water collected in the deep
lysimeter at 19.8 m depth in March, June and November 1989 is 46 TU. The last core was
taken from 20.73 m to 21.43 m depth. The tritium concentration of soil moisture in this
interval is 18.5+/-1.6 TU. Thus from 18.3 m depth to 21.34 m depth the tritium content
shows a very gradual decline (fig. 53).

No correlation between particle size distribution and tritium concentration in the
unsaturated zone is apparent at this site. This can possibly be attributed to the high porosity
of around 50 % on the average. It is very likely that preferential flow occurs along the
pores. Plate 1 shows photographs of cores taken at different depths. The pores are clearly
recognizable without any optical aids.

The downward movement of tritiated water in soil was found to occur in a piston-
type flow manner (Zimmermann et al., 1966, 1967, Smith et al., 1970). The pulse of
tritium introduced into the unsaturated zone will form a tagged layer, which moves down as
a distingiushable boundary between older rain water below and younger meteoric water
above the layer. Diffusion effects tend to broaden the peak tritium pulse.

Based on the tritium content and moisture distribution a tritium inventory was

established for the unsaturatd zone at this site. The amount of tritium in the profile is
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calculated as the product of soil water content in meters water column and the measured
tritium concentration in TU.

Table 17 lists the water content in meters water column from land surface to a depth

of 21.3 m.
Table 17: Water content in meters water column at site 11
Depth (m) Water content (m)
0.00-0.60 0.0172
0.60-1.20 0.0155
1.20-1.80 0.0153
1.80-2.00 0.0162
2.00-2.65 0.0172
2.65-3.10 0.0171
3.10-3.70 0.0174
3.70-4.13 0.0176
4.13-4.74 0.0176
4.74-5.13 0.0185
5.13-5.74 0.0186 "
5.74-6.14 0.0188
6.14-6.84 0.0181
6.84-7.45 0.0167
7.45-8.05 0.0170
8.05-8.66 0.0176
8.66-9.11 0.0170
9.11-9.30 0.0173
9.30-9.91 0.0184
10.90-11.45 0.0173
12.50-13.10 0.0168
14.30-14.90 0.0166
16.40-16.70 0.0118
18.00-18.60 0.0092
20.70-21.30 0.0157
total 0.3645

In table 18 the potential amount of tritium input into the unsaturated zone via
precipitation from 1953 to 1989 is listed and in fig. 54 the data are depicted in graph form.
The precipitation recorded at the weather station in Hoxie, which is located fairly close to
site 11, for the potential recharge months, i.e. from January to March and from October to
December, was multiplied by the tritium concentration (TU) recorded at the monitoring

station in Ottawa. The value calculated for 1983 was also applied to the years from 1984 to
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1989, based on the assumption that the mean tritium concentration in precipitatdon did not

change significantly over this period of time.

Table 18: Tritium inventory (TU m) in precipitation from 1953 to 1989, for the period from
January to March and October to December of each year

Year TUm TU m corrected for decayv to 1989

1953 .
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
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a. From 4 m to 4.5 m below land surface

b. From 7 m to 8.2 m below land surface

Plate 1: Selected cores from the unsaturated zone at site 11
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The time period from 1962 to 1965 represents the years with the highest amount of tritium
in precipitation. The amount of tritium in precipitation increased as of 1958 and generally
decreased after 1965.

With the data listed in tables 17 and 18 and precipitation data from the weather
station in Hoxie regarding the months where moisture is most likely to infiltrate the ground
December, it was possible to calculate the amount of precipitation that infiltrated the

unsaturated zone over a certain period of time. The following equation is applied:

xl
> TUm soil

X

#samples

tl
Infiltration (mm/ year) = X Y precip.
tl

[|
> TUm precip.
t

At
where: X1, X2 = depth in unsaturated zone,
t], tp = time in years,
precip. = precipitation (mm)
Assuming possible years of infiltration, based on the tritium/depth distribution (fig.
53), five different infiltration rates were calculated for five different intervals in the

unsaturated zone.

1. The profile from land surface to a depth of 21.43 m is considered, i.e. the total profile
sampled. It is assumed that the amount of tritium present from 20.73 mto 21.43 m
stems from precipitation around the year 1958, the initial year of higher amounts of
tritium being recorded in precipitation. Accordingly, the years from 1958 to 1989 are
considered to have contributed the moisture present in the profile. Thus:

average amount of tritium in the unsaturated zone = 1.02 TU m
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average amount of tritium in precipitation, 1958-1989 =7.79 TU m
average amount of precipitation, 1958-1989 = 128 mm
The average infiltration rate into the unsaturated zone over the period from 1958 to

1989 is thus 17'r>nm/year.

2. Considering the peak tritium input from the years 1962 to1965 to be located from 9.3 m
to 14.93 m depth in the unsaturated zone, the following parameters are valid:
average amount of tritium in the unsaturated zone = 0.58 TU m
average amount of tritium in precipitation, 1962-1965 = 28.55 TU m

average amount of precipitation, 1962-1965 = 116 mm

Thus an average infiltration rate of 2 mm/year results for the period from 1962 to

1965.

3. If the witium peak is located as assumed under 2., the moisture above this depth should
be younger and should have infiltrated from 1966 to 1989, assuming piston-type flow.
For the interval from land surface to a depth of 7.92 m, the following data are valid:

average amount of tritium in the unsaturated zone = 0.158 TU m
average amount of tritium in precipitation, 1966-1989 =4 TU m

average amount of precipitation, 1966-1989 = 110 mm
An average infiltration rate of 4 mm/year results for the period from 1966 to 1989.

4. The peak tritium input from 1962 to 1965 is asssumed to be located from 12.5 mto
14.39 m depth in the unsaturatd zone. Thus:
average amount of tritium in the unsaturated zone = 1.97 TU m

average amount of tritium in precipitation, 1962-1965 = 28.55TU m
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average amount of precipitation, 1962-1965 = 116 mm

-

An average infiltration rate of 8 mm/year results for the period from 1962 to 1965.
| 5. If the assumption regarding the location of the mitium peak under 4. is valid, then
moisture infiltrated from 1966 to 1989 is located from land surface to a depth of 11.45
m. The following parameters result:

average amount of tritium in the unsaturated zone = 0.63 TU m

average amount of tritium in precipitation. 1966-1989 = 4 TU m

average amount of precipitation, 1966-1989 = 110 mm
The resulting infiltration rate is 17 mm/year.

Thus depending on what locations are assumed for the tritium peak in the
unsaturated zone at this site, average infiltration rates from 2 mm/year to 17 mm/year result.
the average overall infiitration rate calculated from the complete profile sampled is 17
mm/year. The calculated infiltration rates in mm/yvear are to be considered rough estimates.
Precipitation in Kansas can vary considerably from year to year and so can the respective
infiltration rates.

Compared to the assumed recharge rates to the Ogallala aquifer in western Kansas
from 4 mm/year to 14 mm/year, the deduced infiization rates for the unsaturated zone at
this site are quite reasonable.

The rate of vertical moisture movement in the insarurated zone at site 11 varies from
0.4 m/year to 0.5 m/year, depending on the assumed location of the tritium peak in the
unsaturated zone. If the complete profile down to a depth to 21.43 mis considered and the
amount of tritium at that depth is assumed to be derived from precipitation of the vear 1938,

then the rate of vertical movement is 0.8 m/year.



191

Summary

The ar"lalyticai results from saniples collected in the unsaturated zone at sites 3, 10,
and 11 indicate large differences in the movemqpt of soil moisture, thus reflecting the
morphologic setting of the different sites. o

Site 3 is located in a playa-like structure, the water table is about 32 m below land
surface. The upper part of the cored unsaturated zone at this site isless permeable than the
lower, sandier part of the profile. It is assumed, that the vertical flow rate, at least down to
a depth of 10.8 m, is very slow. A lateral flow component in the lower, more permeable
part of the unsaturated zone, possibly enhanced by the geometric form of the playa, is
indicated by the analyses. No bomb related triitum was detected at this site. Insufficient
tritium data from the unsaturated zone prohibited the calculation of flow rates for the
vertical movement of soil moisture.

Site 10 is located in the vicinity of an intermittent stream, depth to water is only
3.6 m. No high tritium concentrations were detected at the depth from 2.47 mto 3.1 min
the unsaturated zone. It is assumed that the bomb tritium moved through the unsaturated
zone, reached the ground water and was subsequently flushed out of the system.

Site 11 is located in an upland area. The loess cover at this site is about 13 m thick,
depth to water is about 52 m below land surface. The peak of the tritium emission in the
early 1960's was detected at around a depth of 13.1 m. Volume and rate of recharge to the
unsaturated zone were calculated for various depth intervals.

The location, materials composing the unsaturated zone, depth to water and the
amount of precipitation at the respective sites all influence the movement and the amount of
soil moisture in the unsaturated zone, as documented by the difference in soil water
chemistry between the lysimeters at sites 3 and 11. The deep lysimeter at site 3 is located at
more or less the same depth as the deep lysimeter at site 11, 19.7 m and 19.8 m.

respectively. However, the soil waters collected differ greatly in tritium and stable isotope

compositon,
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Table 19 shows tritium and nitrate concentrations in the soil water collected in the
lysimeters and in the soil moisture extracted from cores, where data were available. A
- correlation Between nitrate and tritium con;emmtion could be established for soil waters
collected at the lysimeters at site 3, Whe}e nitrate and tritium concentrations were higher at
19.7 m depth than at 10.7 m depth. No correlation of these two components was evident in
the soil waters collected from the lysimeters at site 11. Site 3 was farmed during the
duration of this study, whereas site 11 was left in fallow. Only at the very end of the study.
in September 1989 wheat was planted at this site. Thus the correlation between tritum and
nitrate in the unsaturated zone will only be present if there is a source for the nitrate

available.

Table 19: Tritium and nitrate concentration in soil water collected in lysimeters

Site 3
Shallow lysimeter (10.8 m) 0.8+/-0.6 39.5
Deep lysimeter (19.7 m) 4.8+/-0.7 156
Site 11
Shallow lysimeter (13.1 m) 1724/-11.4 27
Deep lysimter (19.8 m) 46 31

The high nitrate concentrations in the upper 2.44 m of the unsaturated zone of size
11 are due to the application of nitrogen fertilizer in August 1989. Down to a depth of
7.29 m, where nitrate data are available, there seems to be no correlation between nimate
and tritium concentrations in the moisture extracted from soil cores. Unfortunately. not

enough samples for nitrate analyses were available to match all the tritium analyses.



193
Chapter 9

Summary )

A total of 15 wells was sampled for standard iriorganic chenﬂs@, tritium, stable
isotopes, freon, and atrazine during the time period from November 1987 to Nbvémi)er
1989. Three lysimeters were sampled for standard inorganic chemistry, tﬁtium, and stable
isotopes from December 1988 to November 1989. Soil cores were utilized for the
determination of tritium, nitrate, atrazine, calcium carbonate, particle size, porosity, and
moisture content.

In addition one stream sample was collected for the analyses of tritium, stable
isotopes and standard inorganic chemistry. A precipitation sample was analysed for tritium,
stable isotopes, and freon, and on an additional precipitation sample, collected one year
later, only the tritium content was determined.

Of all the different analytical methods tested duﬁng phase 1 of the studv to
differentiate between older and younger waters, trititum combined with standard inorganic
chemistry analyses, especially nitrates clearly worked best.

Atrazine tested negative in all wells sampled and was not detected in the unsaturated
zone at the final depth of installation of the lysimeters.

Freon was only detected in one ground water sample.

Stable isotopes did not prove to be very useful, because they do not yield a specific
age determination. To avoid misinterpretation of data, they should only be used in
conjunction with other methods when age determinations are attempted. If the mittum peak
from the 1961/1962 emissions would have been detected in the ground water and at more
than one site in the unsaturated zone, stable isotope data could have been used for
correlation purposes. However, as an implication regarding the stable isotope content of the
Ogallala aquifer in general, the collected Oxygen-18 and Deuterium data may be helpful for
future research projects. The Oxygen-18 concentrations encountered in the ground water

ranged from -12.6 %o to -6.5 %«, the deuterium concentrations ranged from --36 %¢ to -
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49.07 %« . The stable isotope concentration in the unsaturated zone varied from -6.3 %o to -
11.5 %o for oxygen-18, and from -80.44 %o to -48.94 %o for deuterium.

One carbon-14 sample was taken of ground water at site 4. The age of this

—

particular ground water of the Ogallala aquifer is probably Holocene.

Tritium was detected in only 9 of the 15 wells sampled for this Study. The tritium
concentrations encopuntered in the ground water ranged from less than 0.8 TU, i.e. below
the detection limit, up to 23+/-1.7 TU. In the unsaturated zone the concentrations ranged
from less than 0.8 TU up to 172.9+4/-11.4 TU. Fig. 55 depicts the sampling sites and the
respective trittum concentrations detected.

A good correlation between nitrate and tritium could be established. All ground
waters containing elevated tritium levels also showed higher nitrate concentration.
However, this correlation is only relevant if there is a source for the nitrate present. In the
unsaturated zone, the correlation between tritium and hitrate was only present at one site.

At four sites rates of vertical moisture movement could be calculated based on the
tritium concentration of the groun‘d water. The rates vary from 0.6 m/year to a maximum of
1 m/year under non-irrigated land, under irrigated land a rate of 1.8 m/year was deduced.

At site 11 the vertical rate of soil moisture movement could be determined for three
different depth intervals in the unsaturated zone:

1.25 m/month from land surface to a depth of 2.5 m

0.4 m/year from land surface to a depth between 9.3 m and 14.93 m
0.5 m/year from land surface to a depth between 12.5 m and 14.39 m
0.8 m/year from land surface to a 21.43'm depth

The rate of movement in the upper zone of the profile from land surface down to a
depth of 2.5 m is highly dependent on the amount of precipitation available for infiltration
and the vegetative cover. Thus this rate of movement may only be valid for the particular

time when the samples were taken.
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No good correlation between the tritium/depth distribution and the particle size
distritution in the unsaturated zone could be established. This is probably due to
preferential flow through pores, the average porosity in the unsaturated zone at site 11
down to a depth of 13.1 m is around 50 %. However, it can not be excluded that tritium
adsorption by clays also represents an important factor.

Based on the moisture content and izum/depth distribution, the amount of
precipitation that infiltrated the unsaturated zone varies from 2 mm/year to 17 mm/year.
These numbers coincide very well with the esumated recharge rates to the Ogallala aquifer
in western Kansas.

Lineaments d> not seem to influence the recharge process to the Ogallala aquifer as
indicated by the large difference in water chemistry between ground water sampled at sites
3 and 4. These sites are located along the same lineament about 2.4 km apart.

Although a recent study (Nativ & Riggio, 1989) indicated that recharge to the
Ogallala aquifer in Texas is mainly by leakage through undrained depressions, this does not
seem to be the case here. Site 3 is located in an undrained depression or playa, but no bomb
writium was detected in the ground water or in the unsaturated zone at depth of 10.7 m and
19.8 m. More data from the unsaturated zone have to be available to determine flow
directions and rates at this particular site. It seems that a lateral flow component is present
in the lower part of the profile.

Intermittent streams themselves only exert influence on recharge to the Ogallala
aquifer when they are losing water to it. Data collected from the three research sites located
close to intermittent streams do not show any influence of the location on the tritium
concentration. However, the depth to water is usually shallower in the vicinity of
intermittent streams and that fact does influence the rate and the amount of recharge.

The depth to water, morphology of the area, sediments in the unsaturated zone,
climate and farming practices all influence the rate and the amount of recharge to a very

great degree.
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Based on the results of this study the Ogallala aquifer has not been recharged in
areas with a great depth to ground water since at least the early 1960's. Unless the water
table is shallow, the tritium peak from the emissions in the early 1960's is stll in transit in
the unsaturated zone. The amounts of tritium detected in the ground water samples do not
indicate bomb related tritium, with the possible exception of site 1. At this particular site
irrigation waters may have diluted the tritium in the ground water, so that the peak may not
be obvious anymore. However, without data from the unsaturated zone this remains an
assumption.

For future research it is recommended to concentrate on the unsaturated zone to
detect the tritium peak from the emissions of the years 1961/1962 and thus being able to
calculate vertical rates of moisture movement. Particle size distribution, porosity, moisture
content, and hydraulic conductivities of the unsaturated zone should be determined
simultaneously with the analyses for tritium. It would benefit the interpretation of the
tritium data, if soil cores could be obtained from land surface to the water table. At site 3 of
this study, a tritium/depth profile would also prove very helpful in expalining the
unexpected trititum concentrations of soil water collected in the lysimeters.

Recharge to the Ogallala aquifer seems to be very site specific, depending on the
morphology, the amount of water available for infiltration, crop type, soil nvpe, and the
material and characteristics of the unsaturated zone. A comparison of recharge under
irrigated sites versus dryland farmed sites and rane land versus dryland farmed land would
be interesting. A wide variety of sites has to be researched to obtain a general, area wide

recharge figure for the Ogallala aquifer in western Kansas.
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Appendix A
Drilling Logs

Site 1, well installed by the Kansas Geological Survey in 1987
total depth = 90.8 m, screened depth = 51.2 m - 90.8 m, water level = 51.5 m*

Depth (m)

0- 9.1

9.1 -
32.0 -
39.6 -
50.3 -
54.4 -
55.8 -
57.9 -
58.5 -
64.0 -
67.0 -
77.7 -
88.4 -
89.9 -
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sand and gravel with clay lenses and caliche zones
sand and gravel with clay lenses
sand and gravel

sand and gravel with caliche zones
Pierre Shale

Site 2, well installed by commercial driller in 1987 ,
total depth = 61 m, screened depth = 44.8 m - 60 m, water level = 43 m*

Depth (m)

0- 4.6
46-12.8
12.8 - 14.6
14.6 - 16.5
16.5 - 20.1
20.1-20.4
20.4 -
21.
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27.
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Geology
topsoil

clay

medium sand
clay

medium sand and gravel
caliche
medium sand and coarse gravel
sandy clay
cemented sand
caliche
medium sand
caliche
medium sand
caliche
medium sand
caliche
medium sand
caliche
medium sand
caliche
medium sand
clay

medium sand
caliche
medium sand
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61.0-62.5 caliche
62.5 -63.1 medium sand
63.1-64.0 clay

Site 3, well installed by the Kansas Geological Survey in 1987
total depth = 46.3 m, sc;cencd depth = 37.2 m - 46.3 m, water level = 31.8 m

Depth (m) Geology
0- 9.5 clay

95-18.3 sand and gravel
18.3 - 18.6 clay and fine sand
18.6 - 19.2  sand and gravel
19.2 -25.3 sand, silt, and clay
253 -46.3 sand and gravel

Site 4, well installed by commercial driller, year unknown
no information regarding well construction available, water level = 50 m*

Depth (m)  Geology
0- 442  top"
442 -47.2  fine sand and gravel
47.2 -48.5  medium gravel
48.5 - 50.3 sandy clay and fine sand
50.3 -52.1 sandy clay
52.1-56.4  sandy clay lenses and medium gravel
56.4 -59.4  medium gravel
59.4 -61.3  fine sand and medium grave!
61.3-62.5 fine sand
62.5-64.0  sandy clay lenses, fine sand, and medium gravel
64.0 - 67.4  sandy clay
67.4 - 68.6  medium gravel
68.6 - 70.4  no information
70.4 - 74.7 sandy clay lenses and medium gravel
74.7 - 77.1 sandy clay
77.1 -86.9  no information
86.9 -90.5  Pierre Shale

Site 5, well installed by commercial driller in 1987
total depth = 59.4 m, screened depth = 47.2 m - 39.4 m, water level = 43.0 m*

Depth (m) Geology
0- 0.6 topsoil

0.6 -13.7 clay
13.7 -28.0  medium to coarse gravel
28.0 -32.3  coarse gravel with clay lenses
32.3-35.1 fine to medium gravel with clay lenses
35.1-36.9 clay
36.9 -39.6  clay with thin gravel lenses
30.6 -42.4 clay with cementation zongs, caliche (?)
42.4 - 427  caliche
42.7 -44.2  fine gravel
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442 -46.0  caliche

46.0 - 48.8  caliche,clay lenses

48.8 -52.4 caliche, thin gravel lenses
52.4 -56.7 caliche, clay lenses

56.7 -61.0 fine to medium gravel

Site 6, 2 wells (6a and 6b) were installed in a well nest by the Kansas Geological Survey
in 1988, no log was available for well 6¢c, which was installed by a commercial driller
well 6a: total depth = 37.2 m, screened depth = 33.5 m - 36.6 m, water level = 32.9 m*

well 6b: total depth = 59.4 m, screened depth = 42.7 m - 45.7 m, water level = 32.9 m*
well 6¢: total depth = 57.9 m, screened depth = 51.8 m - 57.9 m, water level = 32.9 m*
Depth (m) Geology
0- 0.9 top soil
09 - 8.4 grey silty clay, some caliche
8.4 - 8.8 light grey clay with sand and gravel lenses
88-11.3 light grey sandy clay
11.3-11.9 sand and gravel
11.9 -15.5 white sandy clay
15.5-19.3  tan/pinkish and white clays, sand
19.3-24.4 sand and gravel with clay lenses
244 -27.1 greenish/grey sandy clay
27.1 -31.1 grey/pink clay with sand and gravel lenses
31.1 -33.5 sand and gravel
33.5-33.8 clay
33.8-37.8 sand and gravel with clay lenses
37.8 -39.9  tan and white clays with sand and gravel lenses
39.9 -45.7  sand and gravel, some caliche
45.7 - 48.5 sand
48.5 - 48.8 hard zone, caliche (7)
48.8 - 50.0 sand and gravel
50.0 - 55.5  pinkish/tan sandy clay with sand and gravel lenses
55.5-55.8 sand
55.8 -57.0  grey sandy clay
57.0-594 ocher, tan, and grev clays, more orange with depth, shale pieces

Site 7, well installed by the Kansas Deparunent of Health and Environment in 1987

total depth = 9.8 m, screened depth = 6.4 m - 9.4 m. water level = 7.18 m*

Depth (m) - Geology
0- 0.9 brownsilty clay
0.9 - 1.8  red/brown sandy silt
1.8 - 2.4  white cemented sand, silt and gravel, mortar bed
24 - 5.5 fine sand
5.5- 5.8  caliche and white clay
5.8- 7.0  caliche, mortar bed
7.0 -10.7 clay and sand

10.7 - 13.7 fine to medium sand

13.7 - 15.8  coarse sand and gravel
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Site 8, well installed by a commercial driller in 1979
total depth = 27.4 m, screend depth =24.4 m - 27.4 m, water level = 18.3 m*

Depth (m) Geology

0- 12.2 clay
12.2 - 18.3 clay and fine sand
18.3-26.5  sand and gravel
26.5-27.4  Pierre Shale

Site 9, well installed by a commercial driller in 1987
total depth = 53.6 m, screened depth = 38.4 m - 53.6 m, water level = 36 m*

Depth (m) Geology

0- . 09 topsoil

0.9 -14.3  clay
14.3 - 25.0 caliche
25.0 - 28.6 fine sand
28.6 -29.6 caliche
29.6 -37.2 clay
37.2-40.5  caliche
44.4 - 46.3 medium sand
46.3 -55.6 Pierre Shale

Site 10, 2 wells were installed by the Kansas Geological Survey in 1988
well 10a: total depth =7 m, screened depth = 4 m - 7 m, water level = 3.6 m*
well 10b: total depth = 132.3 m, screened depth = 27.7 m - 32.3 m, water level = 3.6 m*

Depth (m) Geology

0- 2.1 dark brown silty clay

2.1 - 4.0  greyish/brown silty clay

4.0 - 10.7  coarse sand with mollusk shells
10.7 - 12.5  tanclay and caliche, sandy at 39 ft
12.5-14.6  gravelly sand '
14.6 - 16.1 fine and interbedded with clay and coarse sand
16.1 -16.5 tanclay
16.5 - 18.0  sand and gravel interbedded with clay
18.0 -21.9  tan clay interbedded with sand and gravel
21.9 -25.3  fine sand interbedded with clay
253-26.5 tanclay
26.5 -30.2 tan clay interbedded with sand and gravel
30.2-31.1  fine sand
31.1-31.7 sandy clay
31.7-32.3 sandy clay with gravel lenses
32.3-33.8  grey weathered shale

Site 11, 2 wells were installed in a well nest by the Kansas Geological Survey in 1988
well 11a: total depth = 61.5 m, screened depth = 53.3 m - 59.4 m, water level = 52.1 m*
well 11b: total depth = 73.1 m, screened depth = 68.6 m - 73.1 m, water level = 52.1 m*

Depth (m) Geology

0- 0.6 dark grey top soil

0.6 - 9.1 tan/brown silt, some caliche, mollusk shells
9.1-16.5 tansandy silt
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16.5 - 20.1 sand and gravel with clay lenses
20.1 -25.6  pinkish/tan siltstone with sandy clay and sand lenses, some
- caliche
25.6 -29.0  pinkish/tan sandy clay
29.0 -31.7 medium sand with clay lenses
31.7 -39.9  pinkish/tan clay with sand and gravel lenses
399 -45.4  sand and gravel, some caliche
454 - 48.8 grey/tan sandy clay with sand and gravel lenses
48.8 - 51.5 white sandy clay
51.5-56.1 coarse sand
56.1 - 56.4 hard zone, caliche (?7)
564 -57.0 coarse sand
57.0 - 58.5  white and grey clays
58.5-61.3  sand and gravel
61.3-61.6  hard zone
61.6 -62.8 white sandy clay
62.8 -63.4  sand and gravel
63.4 - 66.7  white sandy clay
66.7 - 68.3  tan clay with sand lenses (hard)
68.3 -73.9  sand and gravel with clay lenses
4

73.9-77.4  grey shale, Pierre Shale

* below landsurface
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Appendix B
Sampling procedures

To avoid contamination the samples were taken using a Bennetf sample p-mp,
provided by the Groundwater Management District. Only at one site, site 7, the s<'-::‘1ple had
to retrieved by using a PVC bailer.

The wells were pumped about 1 hour at a rate of 0.04 m3/sec prior to sarm2iing to
ensure that fresh formation water was sampled.

Samples for the analvsis of calcium, magnesium, sodium, potassium. streatium,
bicarbonate, sulfate, chloride, fluoride, and silica were collected in a 500 ml unac:dified
plasuc bottle. A sample of 200 ml was acidified with 2 ml 6 molar HCL was collected from
each well for the analysis of nitrate and trace metals. However, trace metals were =ot
analvzed consistently for all water samples.

Samples for tritium, stable isotopes, and freon rwere collected at the same =me as
the samples for standard inorganic analyses. However, these particular samples ware
collected in glass bottles with a teflon lined closure. No preservatives were used.

For direct count tritium analyses, water samples were collected in 150 ml clear ¢.:ss
bottles. For enriched tritium analyses, 500 ml of sampling water were required, ==:s
amount was collected in 500 ml clear glass bottles.

Water samples for stable isotope analyses were collected in 150 ml clear z.2ss
bottles, although only 10 ml of water are necessary to perform the actual analvses.

The analyses of freon from water samples required 500 ml of sample water. wh:.:3 was
collected in 500 ml clear glass bottles.

Samples for atrazine were collected in 2 gallon glass jugs.

All sample bottles were filled in such manner that no headspace was present in t=2 bottle.
From the time the samples were collected to the time they arrived at the Kansas C2ological
Survey, the samples were stored in ice chests filled with crushed ice. Upon armiv 2 the

samples were refrigerated. Standard inorganic chemistrv analyses were performe: at the
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Kansas Geological Survey laboratories, whereas samples for all other above mentioned

consttuents were shipped to commercial laboratories.

Analytical procedures
Standard inorganic chemistry analyses were performed at the Kansas Geological

Survey laboratories.

Analyses for calcium, magnesium, sodium, potassium, strontium, silica, and the
trace metals were performed on a Jarrel-Ash inductivity-coupled plasma (ICP) unit. The
bicarbonate concentration was measured by potentiometric titration using an autotitrimeter.
Chloride, sulfate, and nitrate levels were determined employing a Technicon Auto-Analyzer
2 system. Fluoride analyses were by ion-selective electrode.

No duplicate sets of samples were taken. In table B.1 standard deviations based on
hundreds of previous samples analyzed at the Kansas Geological Survey laboratories are
listed (Hathaway et al., 1979,1981).

Table B.1: Standard deviations for inorganic analyses performed at the Kansas Geological
Survey laboratories (Hathaway et al., 1979, 1981)

Constituent to

Si02 1.35 ppm
Ca 1.3 ppm
Mg 0.6 ppm
Na 1.6 ppm
K 0.2 ppm
Sr 0.05 ppm
HCO3 0.9 ppm
S04 1.95 ppm
Cl 1.7 ppm
F 0.04 ppm
NO3 0.85 ppm
Fe 17 ppb
Mn 8.7 ppb

Spec. Cond. 15 pmhos/cm at 25 *C
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All samples collected during phase 1 of the study were also field checked for nitrite.
A portable Hach DR/1A colorimeter was used for this purpose.

Field measurements of water temperature, pH, and specific conduétivity were takeﬂ
at the time of sample collection. PH and specific conductivity measurements were repeated
in the laboratory using a Labline meter calibrated at 25 °C for the specific conductivity

determination and an autotitrimeter for the pH determination.

Atrazine

Atrazine was determined in soil extract solutions and ground water water samples at
the Kansas State Board of Agriculture Pesticide Laboratory using a Hewlett Packard 5§890A
Gas Chromatograph with an HP5470 mass selective detector. Atrazine extraction

efficiencies from soils were between 95 % and 100 %.

Determination of atrazine in ground water

Reference method: Method 507: Determination of nitrogen- and phosphorus-
containing pesticides in ground water by gas chromatography with a nitrogen-phosporus
detector, September 1986 supplement to: Methods for the determination of organic
compounds in finished drinking water and raw source water, Physical and Chemical
Methods Branch, Environmental Monitoring and Support Laboratory, U.S. Environmental
Protection Agency, Cincinnati, Ohio.

Summary of method: A 1 liter volume of sample (or volume available diluted to 1
liter) is extracted with methylene chloride; the extract is dried through anhydrous sodium
sulfate, concentrated to dryness, and the residue is taken up in 5.0 m 1 hexane. The extract
is then scanned for atrazine using a Hewlett Packard 5710 gas chromatograph with a
nitrogen/phosphorus detector. Any sample extracts positive for atrazine are confirmed and
secondarily quantitated using a Hewlett Packard 5890A gas chromatograph with an HP

5970 mass selective detector in the "single ion monitoring mode" specifically for atrazine.
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Determination of atrazine in soil |

Reference method: Method 3550: Sonication extraction, in: Test methods for .
evaluating soil waste, vol. 1B, Laboratory manual physical/chemical methods, U.S.
Environmental Protection Agency, Office of Solid Waste and Emergency Response, '
Washington, D.C., November 1986, SW-846, 3rd. edition.

Summary of method: 50 g of sample are sonicated with 200 ml of 1:1
hexane:acetone. The extract is decanted, concentrated to dryness, and the residue is taken
up in 10 ml of hexane. The extract is scanned and quantitated using a Hewlett Packard
5890A gas chromatograph with an HP 5970 mass selective detector in the "single ion

monitoring mode" specifically for atrazine.

Determination of nitrate in soils

Nitrate was determined in soil extract solutions at the Kansas State University Soil
Testing Laboratory using Technicon Auto Analyzer 2 system. The detection limit is 0.02
mg nitrate (N) / L.

Reference method: Method 487-77A, Armstrong, F.A.J., Sterns, C.R., and
Strickland, J.D.H., 1967: The measurement of upwelling and subsequent biological
processes by means of the Technicon Auto Analyzer and associated equipment, Deep-Sea
Research, 14, pp. 381-389; Grasshoff, K., 1969: Technicon international congress.

Summary of method: The submitted amount of dry soil sample is ground up and 2
g of dry soil are weighed into an 50 ml Erlenmeyer flask and 20 ml 2 N KCl are added; the
extract is shaken for 1 hour. The extract is filtered through Whatman #41 filter paper and
subsequently run through the Technicon Auto Analyzer 2 system using a 1 ppm nitrate (N)
standard prepared in 2 N KCl. The nitrate in the extract is reduced to nitrite by a copper-

cadmium reductor column. The nitrite ion then reacts with sulfanilamide under acidic
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conditions to form a diazo compound. This compound then couples with N-1-

naphthylethylenediamine dihydrochloride to form a reddish-purple azo dye.

Determination of tritium in ground water and in soils

Tritium was determined in ground water samples and in soil extract solutions. The
analyses were performed at the Em'ironmental [sorope Laboratory of the University of
Waterloo, Ontario, Canada using a Packard 4530 or a Packard 1550 liquid scintillation
counter. A laboratory standard, made by diluting NBS-4361 tritium reference material with
background water, is used. The standard is calibrated to NBS-4926C which is run directly
in the counter. The standard is corrected monthly for oridum half-life decay. The
background water is from a well with a radiocarbon activity older than 3500 vears and a
conductivity of less than 2 sigma increase in cpm as compared to direct counting. The
detection limit for enriched tritium is 0.8 TU with an error value of +/- 0.8 TU. The
detection limit for direct count tritium is 6 TU with an error limit of +/-7 TU or +/- § TU.

Reference methods: Packard, 1986: Tri Carb liquid scintillation analyzer model
1500 operation manual, Rev. A. Publication no. 169-3059, Packard Instrument Co., Inc.;
Raylor, C.B., 1977: Tritium enrichment of environmental waters by electrolvsis:
development of cathodes exhibiting high isotopic separation and precise measurement of
tritium enrichment factors, proceedings of the International Conference of Low-
Radioactivity Measurements and Applications, Siovenski Pedagogicke Nakladatelstvo.
Bratislava, pp. 131-140.

Summary of method: 250 ml of sample water are vacuum distilled to about 15 ml;
for enrichment 8 g of 30 dpm/g tritium standard is diluted up to 250 g with background
water (dead water), the distilled water sample is added. One half of this mixture is poured
into the anode of a 300 ml metall cell, designed by IAEA, 25 1 g aliquots of sodivm
peroxide are added. The so prepared cell is run through electrolysis together with 3cells

containing backgrounds and 1 cell deionized lab water. The sample is again vacuum
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distilled. For direct count tritium analyses, 10 ml of sample are required.The procedure
starts with a vacuum distillation, which is identical with the last vacuum distillation of the
enriched water samples. The actual counting procedure is the same for enriched and direct
tritium analyses. A Canberra-Packard Pico-fluor low level tritium cocktail is added to the
samples: 10 ml of the cocktail are added to samples for direct count trittum analyses, and 8
ml of the cocktail are added to samples for enriched tritium analyses. A Packard 4530 or a
Packard 1550 liquid scintillation counter is used tc count the tritum in the samples, the
result 1s tritium in cpm (counts per minute). The laboratory reports the data in TU (tritium

units).

Determination of tritium in soils

At least 500 g of soil at 1 % saturation with water or a minimum of 15 ml of soil
water is required for analyses. The necessary amount of soil is is broken up into a 1000 ml
Erlenmever flask (max. 1/3 full). Toluene is added until the soil is just covered. An
azeotropic distllation is performed, the soil water is extracted. The rest toluene is removed
from the distilled extract by adding a 2 mm laver of melted hyvdrocarbon wax (parafin) on
top of the extract. When the wax solidifies. the water, now free of hvdrocarbons, is
separated.

The analytical procedures from there on are the same ones as described for tritium

analyses from water in the above section.

Determination of deuterium in ground water

The analyses were performed at the Environmental Isotope Laboratory at the
University of Waterloo, Ontario, Canada and the laboratories of Krueger Enterprises, Inc.,
Geochron Laboratory Division, Massachusetts, U.S.A.. Most of the analyses were
performed, however, at the University of Waterloo. Thus in the following only the

analytical procedures used by the University of Waterloo are described.
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Reference method: Coleman, M.L., Shepherd, T.J., Durham, J.J., Rouse, J.E.,
and Moore, d.R., 1982: Reduction of water with zinc for hydrogen isotope analysis,
Analytical Chemistry, pp. 993-995.

Summary of method: 70g to 75 g of the -30 to +60 mesh fraction of zinc are placed

into an 125 ml Erlenmever flask, enough 25 % HNOj are added to cover the zinc and swirl
the flask. Deionized water 1s added to stop the reaction, excess liquid is removed. This
procedure is repeated twice. 10 % HNO3 are added to cover the zinc and deionized water is
added to stop the reaction, excess water is removed, the process is repeated. The zinc is
then washed with acetone to remove all water traces. For 1 hour a vacuum is applied under
300 OC. To 400 mg of the so prepared zinc 10 micro 1 of sample are addeci, the solution is
frozen down with a methanol/dry ice slush. Vacuum is applied and the solution is then
heated at 460 OC for 45 minutes. After cooling to room temperature, the resulting hydrogen

gas is analyzed on the mass spectrometer .

Determination of oxvgen-18 in water

The analyses were performed at the Environmental Isotope Laboratory at the
University of Waterloo. Ontario, Canada, and at the laboratories of Krueger Enterprises,
Inc., Massachusetts, U.S.A.. Most of the analyses were performed at the University of
Waterloo, so only these particular analvtical procedures are described.

Reference methods: Epstein,S., and Maveda. T.K., 1953: Variations of the

180/160 ratio in natural waters, Geochim. et Cosmochim. Acta, vol. 4, p. 213: Fritz, P,
Frape, S.K., Drimmie, R.J.. and Heemskerk, A.R., 1986: Reply to comments by
Grabczak et al. on "Water-rock interaction and chemistry of groundwaters from the
Canadian Shield", Geochi. et Cosmochim. Acta, vol. 50, pp. 1561-1563; Moser, H. (ed.),
1977: Jahresbericht 1977, Internal reports of the Institut fuer Radiohydrometrie, GSF

Muenchen, 169, pp. 70-71: Gonfiantini. R., 1984: Report of the advisory group meeting
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on stable isotope reference samples for geochemical and hydrological investigations, IAEA,
Internal Report, p. 77.

Summary of method: One drop of 85 % phosphoric acid is added to a 30 ml
reaction vessel, 8 ml of sample are added subsequently. Slightly positive pressure of
Coleman Instrument Grade carbon dioxide (99.999 % pure) is introduced to the
samples.The phosphoric acid facilitates degassing and equilibration of the water with the
CO». In a temperature controlled bath the samples are shaken continuously overnight.
Carbon dioxide gas is then extracted through a methanol-dry ice trap (-76 9C removes
water vapor) and introduced to a Micromass 903 triple collector SIRA mass spectrometer.
The preparation and extraction of the CO2 is done on a fully automated system attached to a
Micromass 903 mass spectrometer. Reference gas is Coleman CO2 calibrated versus V-

SMOW. All results are reported with respect to V-SMOW.

Determinatuon of Freon in ground water

Freon samples were analyzed at Global Geochemistry Corporation laboratories in
California.
Reference methods: U.S. Environmenmtal Protection Agency Method 8010: Guidelines
establishing test procedures for the analysis of pollutants under the Clean Water Act; final
rule and interim rule and proposed rule, part 136, October 26, 1984; Bellar, T.A., nd
Lichtenberg, J.J., 1979: Semi-autimated headspace analysis of drinking waters and
industrial waters for purgeable volatile organic compunds, in: Measurement of organic
pollutants in water and wastewater,van Hall (ed.), ASTM STP 686, pp. 109-129.
Summary of method: 5 ml of sample are introduced into a gas chromatograph by using the
Teckmar Dynamic Head Space concentrator. A temperature program is used in the gas
chromatograph to separate the organic compounds. Detection is achieved by a halogen-

specific detector (HSD).
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Appendix C

-

Parameters of the unsaturated zone, sites 3 and 11.

Table C.1 : Particle size distribution and calcium carbonate content at site 11

Depth (m) Sand (W%) Silt (W%) Clay (w%) CaCO3 (%)
0.09 - 0.14 12736 62.56 2498 -2.51
0.6 - 0.73 6.78 73.76 19.46 6.06
0.87 - 0.93 3.97 60.77 35.26 5.18
1.57 - 1.65 5.83 86.28 7.89 6.45
2.29 - 2.44 6.64 77.22 16.14 4.68
3.50 - 3.57 5.08 77.57 17.34 5.88
4,39 - 4,45 5.21 80.08 14.70 8.21
495 - 5.01 4.79 75.63 19.58 3.73
5.96 - 6.02 4.54 86.79 8.66 7.58
6.11 — 6.17 13.31 63.61 23.07 5.24
6.90 — 6.96 27.53 56.99 15.48 20.54
7.30 - 7.39 22.58 52.36 25.06 10.37
7.66 —7.73 23.01 70.74 6.25 10.59
7.77 - 7.80 40.33 45.02 14.65 10.78
8.02 — 8.08 46.15 25.61 28.24 42.88
8.32 — 8.40 44.23 38.95 16.82 19.09
8.53 - 8.59 28.41 48.90 22.68 22.61
8.93 - 9.00 16.59 78.79 4.62 28.21
9.08 - 9.12 38.93 28.39 32.47 11.99
9.20 - 9.50 27.06 57.80 15.14 11.15
10.02 -10.08 10.06 63.80 26.14 34.55
10.20 -10.23 8.01 62.80 29.20 13.04
10.78 -10.81 16.92 58.59 24.48 9.61
11.30 -11.36 16.10 68.30 15.60 6.28
11.82 -11.88 19.22 68.48 12.30 6.65
12.12 -12.18 18.61 53.87 27.52 4.50
12.62 -12.68 40.96 44.08 14.96 7.54
18.29 -19.08 90.98 9.02 0.00 6.69
20.48 -20.54 48.46 40.81 10.73 3.59
20.63 -20.73 74.48 14.96 10.56 4.78
20.85 -21.49 66.55 15.18 18.28 2.90

Table C.2 : Moisture content in the unsaturated zone at site 11. June 1989

Depth (m) mwoisture (W%) moisture (g)
0.0-0.6 16.30 5.06
0.6-1.2 11.55 3.75
1.2-1.8 11.36 3.58
1.8-2.0 13.33 4.27
2.0-2.65 16.18 5.10
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2.65-3.10 16.53 4.96
3.10-3.70 16.66 5.23
3.70-4.13 17.56 5.47
4.13-4.74 18.29 5.45
4.74-5.13 21.24 6.32
5.13-5.74 21.89 6.45
5.74-6.14 22.90 6.60
6.14-6.84 19.97 5.95
6.84-7.45 15.27 4.68
7.45-8.05 16.23 4.93
8.05-%.66 15.05 543
8.66-9 11 16.12 4.90
9.11-9.30 16.76 5.23
9.30-9.91 21.53 6.20

Table C.3: Moisture content in the unsaturated zone at site 11, September 1989

Depth (m) moisture (w%) moisture (g)
0.0-0.6 14.15 372
0.60-1.31 9.49 2.60
1.31-1.92 11.03 2.98
1.92-2.38 10.25 2.79
2.38-2.99 10.78 292
2.99-3 47 11.48 3.09
3.47-4.08 11.77 3.16
4.08-4.60 13.04 3.46
4.60-5.21 14.46 3.79
5.21-5.73 14.42 378
5.73-6.34 16.69 4.29
6.34-6.92 17.89 153
6.92-7.53 15.43 4.01
7.53-7.9% 13.46 3.56
7.98-8.59 12.95 3.44
8.59-9.11 12.65 3.37

Table C.4 : Moisture content in the unsaturated zone at site 11. November 1959

Depth (m) Moisture (w%) Morsture 1)
10.9-11.453 21.01 3.21
12.5-13.1 18.51 176
14.3-149 17.56 +.55
16.4-16.7 5,73 1.63
18.0-18.6 2,66 0.7%
20.7-21.3 14.96 391

Table C.5: Partcle size distribution and calcium carbonate content at size 2

Depth (m» Sand (w% Silt (w%) Clav(w%) CaCO3 (%)
0.33 - 0.40 9.93 64.01 26.06 1.97
0.61 - 0.67 8.37 67.20 24.43 5.20
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