l-ND University of North Dakota
& UND Scholarly Commons

Theses and Dissertations Theses, Dissertations, and Senior Projects

1970

Groundwater flow in part of the Little Missouri
River Basin, North Dakota

Thomas M. Hamilton
University of North Dakota

Follow this and additional works at: https://commons.und.edu/theses
& Part of the Geology Commons

Recommended Citation

Hamilton, Thomas M., "Groundwater flow in part of the Little Missouri River Basin, North Dakota" (1970). Theses and Dissertations.
121.
https://commons.und.edu/theses/121

This Dissertation is brought to you for free and open access by the Theses, Dissertations, and Senior Projects at UND Scholarly Commons. It has been

accepted for inclusion in Theses and Dissertations by an authorized administrator of UND Scholarly Commons. For more information, please contact

zeineb.yousif@libraryund.edu.

www.manharaa.com


https://commons.und.edu?utm_source=commons.und.edu%2Ftheses%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/theses?utm_source=commons.und.edu%2Ftheses%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/etds?utm_source=commons.und.edu%2Ftheses%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/theses?utm_source=commons.und.edu%2Ftheses%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/156?utm_source=commons.und.edu%2Ftheses%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
https://commons.und.edu/theses/121?utm_source=commons.und.edu%2Ftheses%2F121&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:zeineb.yousif@library.und.edu

GROUNDWATER FLOW IN PART OF THE
LITTLE MISSOURI RIVER BASIN,
NORTE DAKOTA

Thomas M Hamiiton
B, S. in Geology, Capital University, 1965
M. S, in Geology, University of North Dakota, 1967

A Dissertatlion
Submitted to the Faculty
of thé
University of North Dakota
in partial fulfillment of the requirements
for the Degree of
Doctor of Philosophy

Grand Forks, North Dakota

June

1970




This dissertation submitted by Thomas M Hamllton in
partial fulfillment of the reguirements for the Degree of
Doctor of Philosophy from the Unlversity of North Dakota
is hereby approved by the Faculty Advisory Committee
under whom the work has been done.

(Chairman) V

Dean of the Graduate School

ii

3

puumd

U345




Permission

Groundwater Flow in Part of the

Little Missourl River Basin, North Dakota

Department Geology

Degree Doctor of Philosophy

In presenting this dissertation in partial
fulfillment of the reguirements for a graduate
degree from the Universlity of North Dakota, I
agree that the Library of this University shall
make 1t freely available for inspection, I
Turther agree that permission for extensive copy-
irg for scholarly purposes may be granted by the
professor who supervised my dissertation work or,
in his absence, by the Chairman of the Department
or the Dean of the Graduate School, It is under-
stood that any copying or publication or other use
of this dissertation or part thereof for financilal
gain shall not be allowed without my written per-
mission, It is also understood that due recog-
nition shall be given to me and to the University
of North Dakota in any scholarly use which may
be made of any material in my dissertation,

Date {/g‘?’/‘73

1ii




ACKNOWLEDGMENTS

I am grateful to many individuals and organizations
for thelir assistance and support during the course of
this study. All members Qf my committee, and particularly
the chalilrman, Dr., Lee Clayton, are gratefully acknowledged
for their many useful criticisms and suggestions during
the course of this project. The other members of the
committee are Drs. Walter Moore, Frank Karner, Edwin Noble,
and Vera Facey.

Mr. Quentin Paulsoh and Mr. Henry Trapp, Jr. of the
U. S. Geological Survey, Bismarck; North Dakota are ac=
lnowledged for thelir advice and for supplying some much
needed basic data., Many other members of the U, S, Geol-
oglcal Survey provided suggestions and services,

I would like to thank the North Dakota State De-
partment of Health for allowing me access to their files
of water analyses and for supplying coples of them, The
National Park Service was most cooperative and allowed ne
access to normally restricted areas of the North and South
Units of Theodore Roosevelt National Memorlial Park,

Mr, Harold Zliebarth of the Department of Geology,

University of North Dakota spent many hours asslsting ne

iv

“I | | |
O




‘—'"

with some phases of the laboratory work. His efforts were

greatly appreciated,

The two persons who have supplied the most incentive
for the completion of this project are my wife, Carolyn,
and my son, Scott., My appreciation camnmot be fully ex-~
pressed,

I am grateful to the U, S, Geological Survey, Water
Resources Division for funding the first two years of
this project., The collectlon and analysls of much of the
data would not have been possible without this support,

I am also grateful to the North Dakota Geological
Survey, Dr. Edwin Noble; State Geologlst, for fleld-
expense support during the summer of 1969,

The University of North Dakota Computer Center donated

many hours of machine time for data analyslis,




TABLE OF CONTENTS

ACKNOWLEDGMENTS ., .

L ] L4 » L4 * » - L 4 - L IR -

LIST OF TABLES, .

» [ 4 [ L ] L] [ 2 » - L L 4 L] L] [

LIST OF ILLUSTRATIONS .,
ABSTRACT, . . .

[ 4 * * - L4 . L 4 * - - L d L d L4 L 4

INTRODUCTION. . . . .

Purpose L4 * L 2 * L ] * * ] * . @ * * * .
General Setting and Climate . + + &
Terminoclogy and Concepts. o o o o o-
Terms and concepts pertaining
to the flow system. « o« o + &

Terms and concepts peritaining
t0 the water chemistry., ., «
Previous and Present Studies. . « + «
Evaluation of Becent Work . + ¢« « o
General theoretical background
of groundwater T1OW o o o « o

Application and expansion of
Tlow TheoXyY . o o o o o o o @
The Pralirie Profile . . .
Small=basin flow system .
Discussion and comparison
of the models o« « ¢ o =
Groundwater chemistry . « « «
An Approach to Defining the Little

Missouri River Flow System. . « « -«

OB SERVATIONS - L] * . - . L 4 » * L L - L - - L2

Topography and Stratigraphy
Topography. o o 8 & &
Stratigraphy. « « « o
. Pierre Shale, + «
Fox Hills Formation

Hell Creek Formatiog.

ullock, Ludlow, al
* Cannoﬁball Formations

Tongue Biver Formatlion.

L 4
L d
L]

* @ A4

-
*
-
L
*

e s w » & O
s » & s

*

L ]

s & 5 & % @ hd

L]

s & % & & B

»

« & 5 8 & &

s & % & & &

-

Page
iv
iz

x

xiii

OV X W WwWwwh

b
e

~
14
17

17
20

22
24

2k
2k
26
29

32

33
33




TABLE OF CONTENTS
| Page

ACKNOWLEDGMENTS o 4 o o o o o o o o o o o o o o o o o iv X
LIST OF TABLES. « o o o o o o o o s o o s o « o« o o o 1%
LIST OF ILLUSTRATIONS o« v o o o o o o o o o o « o o o X
ABSTRACT. 4 o o o o o o o o o o o o o o o o o o o o o Xiid

INTRODUCTION. o o o o o o o o o o o o o o o o o o o &

Purpose * [ ] - L 4 * E d - > . L] L ] . - - . - L d * - L]
General Setting and Climate . o « o ¢ o o o o o
Terminology and Concepts. . . e e s s e e
Terms and concepts pertaining
to the flow systelle ¢« ¢ ¢ o o o ¢ ¢ o o
Terms and concepts pertaining
t0 the water chemistlV. o ¢ ¢ o o ¢ o o
Previous and Present Studlies, ¢ ¢ o ¢ ¢ ¢ ¢ «
Evaluation of Recent Work ., . « . e o o o o o 10
General theoretlical background

O W LW

of groundwater flow . . . « ¢ v o o o 10
Application and expansion of
flow theory . . . c e o o o o o o 13

The Prairie Profile . . + » o « o o 1k
Small-basin flow system « o« o« o o o« 17
Discussion and comparison
Of the MOACIS o+ o ¢ o o o o o o o 17
Groundwater chemistry . « e o & o o o 20
An Approach to Defining the Little
Missourl River Flow SySt‘emo e o o ¢ o o & e o 22

OBSERVATIONS. o &+ o o o o o o o o o o o s o o o o o o 24

Topography and Stra‘blgraphy s o & o ¢ o e ¢ o+ o 24
Topography. « ® o + o e & & o 2 & s ° e = 24
Stratigraphy. . . o v v o 0 0 o o o o . . 26

Pierre Shale. . . e o o o o o o o 29
Fox Hills Formation . . . o » v » . 32
Hell Creck FormatioN., o« « o o o o o 32
Tullock, Ludlow, and \

Cammonball Formatlons . « o « o 33

Tongue River Formation. . . « . « 33

vi




Page

Sentinel Butte Formation. . . . . . 34
Summary of the bedrock
straticralPh¥e o« « o

River alluUVilliie « « « o o o « o o o 35
Structure contour map on
the Pierre Shaleé, + o « « « o« « « 38
Hydrogeology., . « « + & e e e e e e e e e .. W3
Shallow groundwater . . . « « o o « o o o 43
Deep groundwateTr. o« o+ o« o« o o« o o o o o .V546
FLOW”SYSTEM EVALUATION. . . - - - . . L] - . . . L) . . 51
Potential Distribution., . ¢« « ¢« « o o o = ¢« « o 51
The regional flow pattern . + « o « « « « 58 ‘
The total Fflow Vector o « « o« o « o 01 :
Groundwater ChemiStTy o o o o o o « o o « o = o 62 %
Deep groundwater chemistry. « « « o o o o 63 ;
Water from the Fox Hills «
Formation . . . e« o o . 63
Water from the ﬂell Creek
Formation . . . . e e o o s 75
Water from the Cannonball
Formation . « o« o o o o o . . . B84

Water samples from the Ludlow :
and Tongue Rliver Formations . , . 091 |
Samples fTrom SPTINES. o o o o o « o 91 :
Calcium~magnesium facies. . « « . . 94
Summary of the groundwater
chemical flow system. « « o« ¢« « » 99
Chemistry of shallow groundwater. . . . . 102
Seepage Contributions to the Valley
Fill Sediment . . . . e s o o o o o 115
Seepage from the stream channel
at high stage + ¢« ¢« ¢« ¢ ¢ ¢ ¢ o o o o o 115
Infiltration through ephemeral
stream channels v« .« « v & o o o o « » o 116
Seepage contributions from
deep groundwWater. « « o o o o o o o « o« 120
Possible relative orders of
ma'gni tude L ] » » L] L d L - . » . L & L [ 4 - 1 21

CONC LUSIONS & - . - » ] . » . [ 3 L) L ] L * L 4 L 4 L L3 L4 - L4 123
Summary of Conclusi LONS . o o o o ® o 2 ¥ & e » 123
Usefulness of Present Groundwater

Flow-System ModelS. o+ « o o o o o o o o o o & 125

A—PPELTDICES. L - - L J - L ) [ 4 L 4 [ ] L ] > * L 4 . . L ] L 3 * * * . 126

Appendix A: METHODS OF DATA COLLECTION .
AND ANALYSTS. v ¢ & v o o o o s o o o o o o » 127

vii ‘




Page

Water Level MeasurementS. o« « o« o o o o o« 127
Collection of Water SampleS o« o o o o o « 130
Analysis of Water SamplesS o o o o o o o o 132
Elevation DefterminationsS. v « o o o o o « 129
Locatlon FOXMAt o o o o o o o o o o « o o 140
Appendix B: SAMPLE LOGS 4 o o o o o o o o o o « 143
Apvendix C: ELEVATION OF THE PIERRE SHALE ., ., . 136

P‘.EFERENCES CITE . . . . L] [ » 3 * L] * L - * L4 » . - L4 175

viii




LIST OF TABLES

Table . Page
1. Values of gradlent in the discharge area

with respect to the flow components, . . . 57
2. Variation in ppm total herdness {(Ca’t and
Mg™" as CaCO3) with depth of 169 water

samples from”the recharge areas. . . « . . 96

ix




LIST OF ILLUSTRATIONS
Figure Poge

1, Locatlion map of the part of North Dakota
considered in this Study. o « o o ¢ o o o 5

2. The vertical (V), lateral (La), and
longitudinal (L) components of ground~
WALET T1OW. & o o o « o o o o o o o o o ¢« o b

3., The horizontal component (H), the flow

resultant (R), and the total flow vector

(T) of groundwater fI1OW . o 4 o o o o o o 7
4, The Prairie Profill€. v o o o o o ¢ o o » s o o 16

5. Small-basin flow systems determined by a
mathematical model. o« ¢ o o o« o o s s o o o 19

6. General view of the badlands bordering the
Little Missouri River, North Dakota , . . . 25

7. General view of isolated buttes on the
regional eastward-sloping surface ., « . . » 27

8. Ceneralized map showing the approximate

boundary of the Williston baslin and some

ma jor structural trends within the basin, . 28
9., Geologic map of the study area + « « o o » « » 31

10, Subsurface cross section in the center
OftheStUdyarea.g009000'00'9 37

11, Location of oil wells used ln constructing
a structure contour maP . « +« o ¢ ¢ o o o o 40 _?

12, Structure contour map on top of the
PieI‘I"eShale...........,.,..14'2

i
13, Location map of deep-groundwater wells
. from which data was obtained. . . . . . . . 48

14, Relatlonship of well depth and static
Water leve 1 '3 » . . L) . - - - . » . - ] . - 49

X.




Figure ‘ Page

15, Pattern of groundwater flow in the Little
Missouri valley, North Dakota. o« o o o o e 52

16, Pattern of groundwater flow in the Little
Missourl valley, North Dakoté. « « o« o o o 54

17. Pattern of groundwater flow in the Little
Missouri valley, North Dakota. « « » « » » 56

18. Pattern of regional groundwater flow. . . . . 60

19, Sodium in relation to total catlions in water
samples from the discharge ar€fi. o o« o o b4

20, Chemical analysls dlagram of groundwater
from the Fox Hills Formatlon . ¢« « « o « o 65

21, Map showing the variation of the sulfate- 5
bicarbonate ratio in groundwater from i
the Fox Hills Formation., . o« « o o o o o & 68 '

22, Map showing the variation of fluoride in
prnr in groundwater from the Fox Hills
Fomation. L) » * * L ® * - » - L J L4 Ll * L 4 - 70

23, Map showing the varistion of chloride in
ppm in groundwater from the Fox Hills
Formatlono . » » - - L) [ . . » 3 » - - - - 72

L S S

24, Map showing the variation of total dis- il
solved solids in epm in groundwater
from the Fox Hills Formation . « o« o o o « 74

25, Chemical analysis diagram of groundwater
from the Hell Creek Formation. o « o « « « 76

26, Map showing the variation of the sulfate-
bicarbonate ratio in groundwater from the
Hell Creek Formation e ® o * o & & e e e = 78

27. Map showing the variation of chloride in i
ppm in groundwater from the Hell Creek ' be b
Formtion. ¢ e &+ e » & ¢ o e & ® * &2 o & = 80 -

28, Map showing the variation of the total dis- fﬁ
solved solids in epm in gXoundwater from i
the Hell Cree]( Formation ¢ o o & o e * o @ 83 ’ !

29, Chemical analysis dlagram of groundwater
from the Cannonball Formation. . « o « « & 85

X1




Figure Page

30, Map showing the variation of total dis-
solved solids in epm in groundwater
from the Cannonball Formation., . « « « « = 87

31. Chenical analysis diagram of groundwater
rom the Ludlow Formatlion. « « « o o + o » g2

32, Chemical analysis diagram of groundwater
from the Tongue River Formation., . . . . . 83

33. Chemical analysis diagram of groundwater
YoM SPTINES o o o o o o o o o o s o o o o 95

3%, Bicarbonate as a function of sulfate in
groundwater samples from the discharge
a‘rea L] L d » » - L4 . » * £ d » - * » * - L 4 L * 100

35. Cross section showing the general regional
vertical variation in cation facles, . . . 103

36, Cross section showing the general regional
vertical variation in anion facies ., . . . 104

37. Generalized cross section showing the
south to nortn variation of anion
facies in the discharge area , « « « « « « 105

38. Water chemistry of two shallow groundwater
samples indicating dilution resulting
from seepage from the Little Missouri
Biver. . . - - - - . * - L 4 » - L 4 - L 2 * - - 106

39. Chemical analysis diagram of shallow
groundwater' * * L] . . * * L d L] - » - * * » 108 "

Lo, Chemical analysis diagram of surface=-
Water Sa-mpleso ¢ o e » ¢ & @ ¢« & . o o » 110

41, DRelationship of measured to calculated
pH for some shallow groundwater samples, . 112

L2, Relationship of measured to calculated
pd for some surface-water samples, . . . . 113

L3, Cumulative infiltration as a function
Of time - . [ ] * * » » * * *® . - » » » [ 3 - 118

Ly, Schematic diagfam of the packer-gauge
essembly used to measure the water
pressure of flowing wWellS. o+« o « o« o « » «» 129

L5, Diagram illustrating the location format. . . 142

xil




ABSTRACT

The Little Missouri valley in western North Dakota
is deeply Incised into slightly permeable Mesozolc and
Cenozolc sediments, An evaluation of the groundwater
flow in part of this valley was based on the present
groundwater flow-system models, Abrupt changes in the
hydrochemical facies have been explained relative to a
continuous flow system, |

The Little Missouri valley is the discharge area of
a regional groundwater flow system; 1t affects the po-
tential distribution of the flow system for a minimum
of 1,000 feet below the valley floor. The discharge area
is approximately the same width as the valley floor and
has a ratio of the vertical to longitudinal flow component
{in terms of gradient) of at least 100.

The groundwater divides in the center of the study

area are asymmetrically spaced relative to the discharge
area and underlle the surface-water divides. The recharge
area to the west of the valley has a higher potential

and steeper gradient than the eastern recharge area as a
result of its higher elevatiocn and overall lower Jelch ol

meability.
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Lithology strongly controls the groundwater chemistxry.
The highest concentrations of dissolved solids are asso-
ciated with some of the shortest groundwater flow paths;
this water usually contalins abundant sulfate,

Sodium is the dominant cation (comprising 90 to 99
percent of the total cations) in the discharge area and
below a depth of about 200 feet in the recharge areas,
This sodium facies 1s the result of the éxohange of
godium for calcium by cation exchange minerals Iin the
sediment, Groundwater rich in calclum and magnesium
occurs where much of the calcium and magnesium exchange
capaclty of the sediment has probably been exhausted.

Bepeating anion facles occur in a vertical sectlon of
the {flow system, Bicarbonate facles, occurring af depths
of several hundred feet are attributable to a sequence of
reactions Initlated by the reduction of sulfate, The
total change of the groundwater chemistry as a result of
this reduction 1is (i) a decrease 1ln the absolute amount
of sulfate, (2) an increase in the amount of bicarbonate, .
(3) an indirect increase in sodium, and (4) an inecrease
'in the total dissolved solids,

The highly~permeable valley-fill sediment receives
seepage contributions related to three seperate sources,
The probable order of relative impdrtance of these con-
tributions is (1) seepage from the regional groundwater

flow system, (2) seepage through the beds of ephemeral

xiv




streams during runoff, and (3) seépage through the river
banks at high stream stage. IMuch of the groundwater in
the valley-fill sediment probably leaves the basin as
underflow, ‘

The catlions in the groundwater of the valley-f1ill
sediment are composed of as much as 50 percent calcium and
magnesium, This high percentage may be explained as a
reversal of the catlion-exchange equillibrium when calcium-
rich clays, that were eroded from the recharge areas, are

brought into contact with the sodium-rich groundwater of

the regional discharge area,




INTRODUCTION

Most appraisals of the quantity and avallabllity of
groundwater are presently directed toward the short-
term economics of its withdrawal and consider a ground-

- water system only in terms of discre%e aquifers, MWater
contributed from other parts of the system 1s often con-
sidered in such terms as "leakage', which if taken liter-
ally, imply the existence of a defect or abno;mality in
the system, Thils water l1ls "abnormal" only as a result
of assumptions and limitatlions placed on the system for
purposes of evaluation, The permeable units of a ground-
water flow system may be the least important or only of
proportionally equal importance in many types of studies, i

The lmportance of evaluating groundwater in terms of
guantity, quality, and flow=rate and direction of movement
is not confined to hydrological studies, Pollutlion studies
of the nmovement of contaminants, geologlcal studies of
dlagenesis, botanical studies of certain plant communities,
and engineering evaluations of slope stabllity are affected
by one or more aspects of groundwater, The necessity of ‘ ;

considering all aspects of groundwater in terms of a con- i

tinuous system is obvious,
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The microscopic (intergranular) aspects of groundwater
flow under natural conditions cannot be described at
kpresent because there is no means of describing the in-
finitesimal nature of the medium through which it moves,
However, boundary-valued models that describe the large-
scale movement and chemistry of groundwater in terms of
continuous flow systems have been proposed., The general
applicability of existing models has been demonstrated for
areas ranging in size from thousands of square miles
(Maxey, 1968; Hitchon, 1969a and 1969b) to a few square
niles or less (Meyboom, 1967a; Williams, 1968). The models
are constantly being improved., Testing 1s essentlial on all
scales and under varying conditions of climate, geology,
and topography in evaluation of thelf total usefulness

(or uselessness) in groundwater studies,
Purpose

The purpose of thls report is to present a preliminary
evaluatlion of the groundwater flow system of part of the
Little Missouri River basin in western Noith Dakota, Spe=
cific considerations include (1) the lateral extent of the
regional discharge area, (2) the minimum debth effects of
the river valley on the flow system, (3) the distribution
and possible controls of groundwater-chemical facles, and
(4) a first order approximation of the importance of sep=-

arable sources of groundwater seepage to the valley fill




sediment.
General Setting and Climate

The study area 1s located in part of the Little
Missouri River basin in western North Dakota (fig. 1).
The area 1s sparsely populated; for example, Billings
County has a population density of about one person per
square mile, and much of the area 1s not easlly accessible,

The climate of the study area 1s typical of most of
the semiarid Great Plains, The average annual ralnfall is
14 to 15 inches; extreme variation from this average
occurs locally., Most of the precipitation falls during
thunderstorms of short duration and high intensity between
April and September, The mean poténtial evaporation is
about 3 to 4 times the mean annual predipitation. The

temperature averages about 40 to 42 degrees Fahrehelt,
Terminology and Concepts

The purpose of this section is to define terms and
concepts which are used in this report and not specifically

described elsewhere,

Terms and concepts pertaining to the flow system
A flow system as defined by TSth (1963, p. 4806) is

« o+ . B set of flow lines in which any two flow
lines adjacent at one point of}the flow reglon




Figure 1,.,--Location map of the part of North Dakota
considered in this study. The North and South
Units of Theodore Roosevelt National Memorlal
Park are outlined.
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6
remain adjacent through the whole region; they
can be intersected anywhere by an uninterrupted
surface across which flow takes place in one
direction,
Three types of flow systems are recognized, depending on
the relationship to topography and the flow path lengths

involved. (1) A local flow system is developed between

an ad jacent topographic high and low and has flow path
lengths ranging from a few feet to a few thousand feet,

(2) An intermediate flow system is developed between inter-

mediate topographic highs and lows in the basin and gen-
erally has flow path lengths ranging from a few to several
thousand feet. (3) A iegional flow _system is developed
between the highest and lowest regionally significant
topographic features in a basin and generally has flow
prath lengths measured in miles.

Groundwater flow is three~dimenslional and can be
resolved Into components and resultants., The components

(fig. 2) are the longitudinal component which is parallel
to a river or divide, the vertical component (either up or

down), and the lateral component which is normal to the

Pigure 2.--The vertical (V), lateral (La), and longitudinal
(L) components of groundwater flow,




7
plane of the longitudinal and vertical components (parallel
to the direction of maximum basin slope). These three

components can be resolved into a flow resultant, a

horizontal component and a tétal flow vector (Meyboom,

van Everdingen, and Freeze, 1966) as shown in flgure 3.

Figure 3.--The horizontal component (H), the flow resultant
(R), and the total flow vector (T) of groundwater flow,

The horizontal flow component is épproximated by maps of
the piezometric surface or water table and the flow
resultant is approximated by cross sections of the flow
field,

A flow-system cross section 1s constructed by con-
touring values of potential in the plane of the section
and by drawing floﬁ resultants at right angles to the
equipotential lines (for homogeneous isotroplc conditions),.
An egulpotential lgne can only be terminated at right angles
on an impermeable boundary of the flow fleld, Most cross
sections representing fleld conditions nust be constructed
with a oonéideration of anlisotropic donditions in the sed~

iment and vertlical exaggeration of the sectlon., Under these

conditions, (1) equipotential lines and flow resultants
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are refracted at a permeability interface according to the
tangent law (Hubbert, 1940, p. 943), and (2) flow resul-
tants constructed on a vertically exaggerated section can
no longer be drawn normal to egquipotential lines but must
be corrected for the distortion (van Everdingen, 1963).
A recharge ares isvan area in which the groundwaterx

potential decreases with depth. A discharge area 1s one
in which the potential increasses with depth. The direction

of' potential change at depth may, in some cases, be re-
versed 1f the boundary between two flow systems is exceeded,

The water table is defined as g_surface of a flow

system at atmospheric pressure,

Terms and concepts pertaining to the water chemistry

The concentration of chemical constituents in water

may be expressed in various ways. Two units for expressing
concentration are used in this report, They are (1) parts
per million(ppm), which expresses the parts by weight of
dissolved matter in a million parts by weight of solution

and (2) equivalents Per million (gpm), which is the
normality X 103.

various facieg follows that orf Baex
in t
erns of the Percentage
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are refracted at a permeability interface according to the
tangent law (Hubbert, 1940, p. 943), and (2) flow resul=-
tants constructed on a vertically exaggerated section can
no longer be drawn normal to equipotential lines but must
be corrected for the distortion (van Everdingen, 1963).

A recharge area is an area in which the groundwater

potential decreases with depth, A discharge area is one
in which the potential increases with depth. The direction
of potential change at depth may, in some cases, be re=-
versed if the boundary between two flow systems 1is exceeded,

The water table is defined as q}surface of a flow

systenm at atmospheric pressure.

Terms and concepts pertaining to the water chemistry

The concentration of chemical canstituents}in water
may be expressed in various wa?s."Two units for expressing
concentration are used in this report., They are (1) parts
per million(ppm), which expresses the parts by weight of
dissolved matter in a million parts by weight of solution
and (2) equivalents per million (epm), which is the
normality X 103. |

A hydrochemical facies is a lateral or‘vertical sub=-

division‘of a body of water which is distinguishable from
other parts of the same system on the basis of its chemical
character. The classification that is used to designate

various facles follows that of Back (1960), and is expressed

in terms of the percentage (based on equivalents per million)




of catlions, anions, or both,

A facies term which stands alone (either cation or
‘anion or a combination) indicates that the ion content of
the water 1s composed of at least 90 percent of that member
(for exanmple, bicarbonate water indicates that the anions
are composed of at least 90 percent bicarbonate), Double
anion terms (for example bicarbonate-sulfate) describe
water that is composed of at least 50 percent but less
than 90 percent of the first named member (bicarbonate);
the second member is greater than 10 but less than 50
rercent of the toftal anions., A calclum-magnesium faclies
indicates that the cations are composed of at least 90
percent calcium and magnesium. But, a calcium-sodium
faclies represents Watér in which the calclium and maghesium
comprise at least 50 percent of the total cations, These

é few examples represent the general éoheme of the class=-

ification.
Previous and Present Studies

No formal studies of the groundwater movement in
the study area had been made prior to 1967, but reference
to the occurrence and general chem;cal character of the
- groundwater was Iincluded in reports éf regional and state=-
Ywide surveys (Riffenburg, 1925; Simpson, 1929; Abbott and i
Voedisch, 1938; North Dakota State Dept. of Health, 1964), %

Tables of well schedules for individual counties were
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compiled during the 1930's as a ﬁart of a project of the
Works Progress Administration., Data from a few, shallow
observation wells in the area are Included in various
U, 8. Geological Survey reports.

At the present time the U, S, Geological Survey lis
completing a groundwater resource evaluation of Stark and
Hettinger Counties, which adjoin and partially overlap

the eastern side of the study area.
Evaluation of Recent Work

Gereral theoretical backsround of groundwater flow

The movenent of groundwater has long been known to
proceed in the directlion of decreasing head, and this
concept formed the basis for depicting and interpreting
directions of movement of groundwater by constructing
pilezometric maps, No satlisfactory mathematical expression
of this condition was available until Hubbert's (1940)
work in which he described the energy potential (@) at any
point in the system in terms of the measurable physical
properties of the system, This relationship, for general
three dimensional flow, was expressed'as a generalization

of the Bernoulll equation in the form

2

P
@=82+f%9§+§-. (1)

where g is the acceleration due to gravity, Z2 is the height

above a datum, P is pressure, € is the density of the
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fluild, and V is the velocity of the fluid. The elements
of the equation can be considered as potentlal energy
(gz), flow energy (%?), and kinetic energy (g?). If the
density is constant or if its fuﬁctional ;elationship to
P is known, then integration ylelds a constant, provided
four conditions hold: (1) flow is along a streamline,
(2) the fluid is incompressible, (3) the fluid is friction-
less, and (4) the system is in a steady state, Condition
(3) holds only for ideal fluld flow; therefore, the re=
lationship would not be constant on a glven groundwater
flow line but would decrease in the direction of flow,.

The expression of kinetic energy can be eliminated
from the equation in its application to groundwater flow
because of the extremely low veloéities involved, reducing

the equation to the form
@:gz-l-ﬁg-g. (2)
o €
Integration ylelds

O =gz + , (3)

P=Pp
e
which can be further simplified {Hubbert, 1940, p. 802) to

d = &n, (4)

where h is elevation to which water rises in a piezometer
inserted to some point in the system, The result in this
form is energy per unit mass with dimensions, in terms of ?‘

length (L), time (T), and mass (M), of (L/T)®., A different
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form of thls expression can be derived by dividing equation

4 by gravity (g) to yield

=2 +__2=n, (5)

where ¥ 1is the specific weight (Cg). The potential in
this form can be interpreted as energy per unit welght

(ft=-1b/1b). The dimensions are

L+ i bt = 1,

This form is convenient because the measurement of @ in
terms of h can be made from the free surfaée in a plezometer
and reported as feet of water., The magnitude of @ in this
form is generally referred to as the piezometric or total
head.

Another important concept inAevaluating a flow systen
1s the relatvionship expressed by Darcy'!s law, A general

form for this law 1s given as
= . dh , ‘
% = K 35 (6)

where V is velocity of flow, dh/dl is the differential
change of head (h) with iength of flow (1) and is referred
to as the hydraulic gradient, and K is a proportionality
constant (hydraulic conducfivity). The negative sign
indicates that flow is in the dlirection of decreasing
votential, NMuch recent research has been devoted to the
valldity of Darcy!s law as it is related to both rate of

flow and the intergranular forces of fine-grained sediment
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(non-Darcy flow), Meyboom (1966a) summarizes the lit~
erature in a general discussion of these concepts, These
aspects are not considered here,

Application and expansion of flow theory

Following the publication of Hubbert's paper, little
work was done with the application of basic flow theory to
stratified medla on a large scale, Much research was de-
voted to developing and improving pump-test theory in
search of a means for evaluating the permeablility (hydraulic
conductivity) of aquifers, A general model (one which uses
botanic, geologic, pedologic, and hydrologic conditions)
for predicting basin-wide and interbasin groundwater flow
was not developed until the early 1960's, Meilnzer (1927)
1 had earlier described the occurrence of phreatophytes and
the usefulness of such observatiéhs in groundwater studies.
Neyboom (1963) described the groundwater flow conditions
in the semiarid prairie of Saskatchewan, Canada; The re-
sulting model, based on field observations, was referred
to as the Prairie Profile. At about the same time T8th
(1963) presented a theoretical treatment of groundwater
flow in small basing, The conclusions obtained from these
,%I two approaches wlll be compared later. The concept of
qualitative and quantitative applications in the form of
4 digital mbdeling of regional groundwater Ilow systems was
treated by Freeée and Witherspoon (1966, 1947, and 1968),
They presented mathematical models (1966) for nonhomogeneous

anisotropic conditions that haveysﬁeady state solutions
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obtainable by digital computer, These models were tested

under varying conditions of water table and permeability
éonfiguration (1967) and resulted in several concluslions
pertaining to the properties of regional flow systems,
Two of those conclusions are of’part;cular interest:

(1) recharge areas are conslstently larger than discharge
areas (p. 623) and (2) discontinuites in permeablility
assocliated with stratigraphic pinchouts can create tnanti—
cipated recharge and discharge areas (p. 634), The third
of this series of papers (1968) considered quantitative
evaluation of theoretical flow nets and thelr comparison
with fleld examples,

Eitchon (196%9a and 1969b) applied concepts of fluid
flow In an analysis of the effects of geology and topog-
raphy on fluld migration in a large sedimentary basin, He
concluded that the effect of large river valleys on fluld
potential distributions was observable to depths of at
least 5,000 ft (196%a, p. 193), and that the flow system
was affected signiflilcantly by high permeabllity zones at
depth, even if they were not of basin-wide extent (1969D,
p. 468).

The Prairie Profile.-Meyboom (1963) combined the

observatlions of several workers with his own and presented
& model which he felt made mapping of the flow systen
possible using information from many scientific disciplines.

He Telt that this model was particularly well suited to

conditions in western Canada, hence the name Prairie
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Profile. The flow conditions of the model were establlished
on the basis of topography and geology (p. 9).

By definition the Prairie Profile consists of

a central topographic high bounded at either

side by an area of lower elevation. Geolog-

ically the profile is made up of two layers of

different permeability, the upper layer having

the lower permeability. Through the profile

is a steady flow of groundwater from the area of

recharge to the area of discharge, The ratio

of permeabilities is such that groundwater

flow is essentially downward through the mate~

rial of low permeability and lateral and up-

ward through the underlying more permeable layer,

The potential distribution in the profile 1is

governed by the differential egquation of lLaplace.

The model (fig. 4) depicts a large-scale flow system

bounded by topographically significant lows on which is

superimposed local flow systems, The Prairie Profile
differs from the classical model of an artesian system
in that it does not require outcrop of the aguifer updip
from the artesian area and 1t does not limit recharge to
the outecrop area, thereby, greatly increasing the area
of recharge. The model also presents the possibility that
in a local flow system one could drill a well that shows
an increase in head with depth followed by a decrease with
depth when the basal limit of the local system has been
exceeded,

The recharge area may contain fresh-water phreat-
ophytes, The discharge areas of the model are charac=-
terized by accurulations of sodium salts, alkall soils,

and vegetation that is both alkall tolerant and phreat-

ophytic,
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Small-basin flow system.-T8th (1963) developed a

mathematical model for groundwater flow with specified
ﬁoun&ary conditions starting with Hubbert's (1940) equation
for potential distribution, The model is for small basins
(upper limit of several hundred square miles, p. 4797)
underlain by isotropic homogeneous material and bounded
by symmetrical divides.b The water table was represented
as a horizontal surface under assumed sinusoidal topography.
The half width of the theoretical basin was taken to be
20,000 feet, and values for depth to the horizontal imper=
meable boundary ranged from 1,000 to 10,000 feet,

Inspection of flow systems derived from this model
(fig. 5) indicates the existence of three different mag -
nitudes of groundwater flow systems, (1) local, (2) inter=-
mediate, and (3) regional, |

Discussion and comparison of the models.-The models
are different in approach, one theoretical and one prac-
tical, The situation they depict is in all major aspects
the same, The applicability of some assumptions in TSth's
model, particularly homogeneous isotropic conditions, and
to some extent symmetrical drainégé divides, may not seem
consistent with actual oonditioné. But Téth states
(p. 4811) |

o s o« in drainage basins, down to depths at

which basin-wide extended layers of con-

trasting low permeablllity are found, groundw

water motion may be treated as an uncon-

fined flow through a homogeneous mediun,

This neglects, by definition, stratigraphic discontinuities
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Figure 5.--Small-basin flow sysggms determined by a
mathematical model, from Toth (1963, p. 4807).
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which might cause significant change in the flow systen
(Freeze and Witherspoon, 1967). Téth, however, considered
this condition theoretically in an earlier paper (1962),
Variation from the assumed conditions could be expected to
occur, but can be hahdled mathematically by determination
of the proper functional relationship; it does increase
the complexity of the analysis, |

Apparently the major point of disagreement between
the two authors 1s the scale to which a flow system can
develop. T8th maintains that no large scale systems
(several tens of nmiles) can be established in any area
except one having a’gentle contlnuous slope and no local ;wzf §
rellef (p. 4808). Meyboom notes (1963, p. 27) field k
evidence indicating that large scale systems are possible,

even in areas of significant local relief.

Al

Groundwater chemistry

Groundwater chemistry has important practical aspects,
particularly in terms of its quallty for consumption and
irrigation and as it is used in oil ex?loration.k Some
chemical constituents have bheen uéed in studies of ground-

water occurrence, For example, bromide concentrations

have been used to differentiate salinity sources (Piper,

Garrett, and others, 1953).

The first extensive treatment of changes in water
chenistry with respect to position and time was gilven by
Chebotarev (1955). His data was from several thousand

water samples which ranged 1In compositlion from brine to
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fresh., Based on an analysis of thlis data he proposed the
following groundwater chemical sequence and stated:

se of the different mobllity of the
nical elements and the nature of the
ohysical=chenical processes in the sub-
uurfaco reservolr, the geochemical types
of water change with the increase of the
total salinity as well as with increasing
depth, and the following series hold good:

30031_e>H003' + C1°>-C1™ + HCOBi_;>

Cl™ + 80, ~ or SO,”~ + Cl™—>Cl7,

Simply stated, the sequence ﬁeans that the most soluble
products remain in solution, or the greater the length
of time that water has been in contact with the sediment,
The greater the concentration of chloride and total dis-
solved solids, -

Water chemistry reflects residence in the sediment
and should therefore be a qualitative tool ln studles of
direction of groundwater flow. DBrown (1963) elaborated on
this concept, Others have employed 1t as elther a primary
means of evaluating direction of flow (Charron, 1965; Back,
1960) or as a secondary indicator (Meyboom 1966b; téth,
1968).

Variations of Chebotarev's sequence have been cited

in studies of groundwater flow systems, but deviation is
usually explained as occurring in a system cof insufficlent
magnitude to produce the complete segquence, or as a result

of “unusual' lithologlic effects.
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An Approach te Defining the Little IMissourl River

Flow System

A general model of the Little Missouril River flow
system was conceived early in the study to serve as a
guide for data collection, The valley bottom was assumed

to be a discharge area because of its low topographic

P position and because the stream flows during most extended
dry periods., Evidence supporting the existence of a

discharge area in the Little Missouril valley is the pres-

ence of phreatophytes (Meinzer, 1927) on the valley floor;
the presence of springs and seeps, and localized accunmu-~
lations of alkalil salts along the base of the valley wall
(lieyboom, 1966b). The most common phreatophyte is

Populus sarzentii (plains cottonwood)}, which in a semi-

arid environment is a definite phreatophyte (Meyboom, 1967,
p. 32)., The valley-~bottom solls are not good flow=~system
indicators because they are immature as a result of much
recent alluviation (Hamilton, 1967; Everitt, 1968).
E The valley 1s a groundwater discharge area; hbwever,
the magnitude of the flow system (the vertical and lateral
extent) could not be determined without examining the
physical and chemical properties of the systen.
Most of the data came from the discharge end of the

regional flow system because the majority of wells tapping

this system are located there., Very few deep wells exist

451
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outside the valley, The private wells drilled in the

RN
RRRRIGS v

uplands are shallow and most are probably related to the
discharge ends of locally controlled groundwater flow
systems, The local groundwater systems are an important
parc of the total system but they could not be individually

evaluated on the scale of this study. A Tew deep municipal

wells do exist in the recharge area and they furnished the
few data points at the end of the system,
It was necessary to locate groups of wells that would
yield accurate data (See appendix A) and would be aligned
at nearly right angles to the wvalley axis so they could be N
used to construct flow-system cross sections, i
Although deep wells have been drilled in the Little
Missouri River valley for many years the area is not
highly developed, and 1t was difficﬁlt to find closely v
spaced wells penetrating to simllar depths in some areas, |
Many of the older wells are of unknown depth and in some
instances the casings are badly corroded. No measurements

or samples were collected from the latter wells.,




OBSERVATIONS
Topography and Stratigraphy

The establishment and maintenance of a groundwater
flow system ls primarily controlled by two factors:
(1) topography, which provides the rellef that drives the
system, and (2) the permeability (vertical and lateral)
of the material which influences the rate and direction
of movement, It follows then, that the more thét is
known about both of these factors, the more easily de-
finable the flow system should be.

Topography

The major topographic feature of the study area 1is
the Little Missouri River wvalley. The valley imposes a
significant steepening on the regional eastward slope of
the land sﬁrface. This local steepening averages sllightly
less than five times the regional slope 1ln the southern
part of the study area, about five times the regional
slope in the center, and more than five times in the north-
ern part,

The Little Missouri River is bounded by an area of

badlands several miles wide (fig. 6). Only a few tribu=-

taries sustain a measurable flow throughout most of the

24




view of the badlands bordering the
River, North Dakota,



26
. year; the vast majority are ephemeral., The drainage
pattern is dendritic and completely integrated.
| The land surface is broken by isolated buttes, some
rising several hundred feet above  the regional surface
(fig. 7). Many of these buttes are imposing features,

but because of their isolation thelr total affect on the

regional topography is small when compared to the Little
Missourl valley.

The Little Missouril valley is topographically bounded
to the west and northwest by the deep Yellowstone River
valley, to the north by the Missouri River trench (now
Lake Sakakawea), and less abruptly to the east by several
east-sloping valleys,

Stratigraphy

The study area 1is entirely containgd within the
Williston basin (fig. 8 ). The basin contains significant
sedimentary deposits ranging in age from Cambrian to
Quaternary. The sediments of primary concern in this
report range from late Cretaceous to early Tertiary in
age,

The stratigraphic units considered in this report

include the section from the Cretaceous Plerre Shale
through the Paleocene Sentinel Butte Formation. Younger
strata crop out, but they ococur as isoclated exposures on
butte tops, and are not considered significant in the |
flow=-system evaluations, The included discussions of the

stratigraphy draw most heavily on two sources, Frye (1969)
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Figure 8,--Generalized map showing the approximate bound-
ary of the Williston basin and some major structural
trends within the basin,
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and Royse (1967), who conducted field and laboratory

investigations of the surficial exposures of much of thls

section and compiled the literature. Hennen (1943) con-

structed a west~east surface and subsurface cross section
of the Tertiary and upper Cretaceous deposits., No other

subsurface studies of these formatlons were found.

A map of the outcropping stiatigraphic units of the
study arza is shown in figure 9. The beds dlp northward
and eastward., Because of the importance of the relative
vermeabilitles on the flow system, a brief description of
the formations follows., |

Plerre Shale,~The oldest formation considered is the

Cretaceous Plerre Shale., It 1s significant to the study
because it is considered to be the basal impermeable bound-
ary of the regional flow systems that are establlshed in
cverlying units., The Plerre crops out in the southern
part of the study area, along the crest of the Cedar Creek
anticline, The formation is composed of predominantely
blue~gray marihe shéles that are as ﬁuch as 2,000 feet
thick,

The contact between the Plerre Shale and the 6verlying
Fox Hills Formation is gradational (Feldman, 1967, p. 37).
Feldman describes the contact in outecrop (p. 41) in Bow~
man County (sec, 4, T, 131 N., R. 106 W,) as being grada-
tional through about 10 feet, with a change from dark blue
shale, containing gypsum, jarosite, and scattered concre-

tions, to buff or yellow fine grained sand,
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Figure 9,--Geologic map of the study area, after
Carlson (1969), Frye (1969), and Royse (1967).
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Fox Hills Formation.,-The Cretaceous Fox Hills Forma-

tion consists of near-shore and shoreline marine sand,
silt, and clay. The formation is about 100 feet thick
in outerop along the Cedar Creek anticline, but thickens
basinward to more than 250 feet in the subsurface of the

study area. The upper part of the formation contains a

light gray sand unit called the Colgate Member, This
sand has a wide lateral extent and occurs in the subsur-
face throughout the study area,

Hell Creek Formation,-The Bell Creek Formation is of

late Cretaceous age and is composed of nonmarine and

- brackish=water clay,'sllt, and sand with some lignite,.

Frye (1969) measured stratigraphic sections and indicated
that laterzlly persistent sands occur near the top and « ﬂ
bottom of the formation in the southern parts of the study | #
area, ?1
| The contact between the Hell Creek and Fox Hills

Formations varies from gradational to unconformable (Frye,
1969, p. 22)., Taylor (1965, p. 4) described a basal Hell
Creek sand in eastern lontana which was medium to coarse
grained, This sand pinches out between eastern lontana
and western North Dakota, where the contact 1s generally
marked by a basal Eell Creek lignite, lignitic clay, or
bentonite (Frye, 1969).

The thickness of the Hell Créek nay excced 450 feet

in places, though an average of 350 feet is probably more

tynical,
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Tulloclk, Ludiow, and Cannonbzsll Formations,~Overw

lying the Hell Creek Formation 1s a seguence of Paleocene
sediments, the Tullock, Ludlow, and Cannonball For-
mations, which because of complex facies relationships,
are treated as a composite interval.

The westerly Tullock and Ludlow Formatlions are of
nonmarine and brackish-water origin and are time equiva-
lents of the more easterly marine Cannonball Formation,
The Tulliock Formation is not recognized in the subsurface
of The study area because of a lack of sufficient criteria
and control and the fellowing discussion refers only To
the Ludlow and Cannonball Formations,

The Ludlow Formation is composed predominately of
clay, lignite, and some sand lenses. The Cannonball For-
matlon is composed of sand, slilt, and clay., Two tongues
of the Cannonball separated by about 150 feet of Ludlow
FPormation were recognized in western North Dakota by
Brown (1962, pr. 8), based on marine fossils recovered
from the exposures.

The Ludlow~Cannonball interval varies greatly in
thickness from west to east, but 200 to 300 feet is be-
lieved to be typical in the study area.

Tonzue River Formation.-The Paleocene Tongue River

Pormation is generally a buff to liéht gray {in outcrop)
seguence of nonmarine sediments that were devosited as the
Cannonball Sesa retreated from North Dakota, The sediments

are primarily clay, silt, and some sand and lignite, A

e
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widespread sand lies at the base of the formation and may
attain a thickness of more than 40 feet, Two relatively
céatinuous tnick lignite beds or lignitic shale beds are
present, the Harmon lignite about 150 feet above the base
and the HT Butte bed in the uppermost part of the formation,

The bright Tongue River conformably overlies the
somber Ludlow Formation in the study area., The thickness
of the Tongue River Formation is generally between 300
and 500 feet,

Sentinel Butte Formation,-The Sentinel Butte For-

mation, of late Paleocene age, 1is the uppermost strati-
graphic unit considered in this study., It overlies the
Tongue River Formation and differs from it by the presence
of more somber-colored beds., Royse (1967, p. 5) indicated
that this coloxr difference is predominantely a weathering
phenomenon which cannot be used to distinguish the for-
mations in the subsurface, The two formations have sim-~
ilar lithologies, but the Sentinel Butte is more sandy.
The contact between the Sentinel Butte and Tongue River
Formations was found by Royse {1967, p; 3) to be distin-
zgulishable on the basis of three criterla: a marked change
in color in outcrop, a persistent'lignitic horizon in the
uppermost Tongue River (HT Butte), and the presence of a
sandy unit in the base of the Sentinel Butte.

The greatest thickness of the Sentinel Butte Formation

is in the northern part of the study area where 1t may

exceed 600 feet.

e
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T etratisravhy.=-The strata cverlyiag

the Plerxe Shale are predominately fine gralned, Some
dersistent lignites are present in the Tongue River Fore-
mation, and sand beds of significant lateral persistence
cccur in the uppermost Fox Hills, Cannonball, and basal
Tongue River and Sentinel Butte Formstions., Numerous
local lenses of sand occur throughout the section, A
cross section of the subsurface stratigraphy in the area
of the Scuth Unit of Roosevelt Park is shown in figure 10,
The data for this cross section came {from logs of water

wells in the area {appendix B), Two of the logs have

o

been published (Simpson, 1929) and one is from a North

Dakota State Water Commission test hole in Stark County.
Thne remaining logs were obtained from the files of the
Ue 8, Geologlical Survey in Bismaick, North Dakota, and
thirough péersonal contact with private well drillers,

4 Ziver alluvium.-The recent alluvial f£ill in the Little

Misscuri valley is a significant depcsit in cqnnection with
discussions'of groundwater flow because of its relatively
nigh permeability. The alluvial ill averages three=-
fourths of a mile wide, At the surface it is clayey,

sandy silt, Samples from seven test holes drilled by

the North Dakota State Water Commission in the South Unit
of Rocsevelt Park in 1963 (Project No. 1326) are uacon-
gsoilcdated sand and gravel conslisting mostly of quarisz,
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Figure 10.--Subsurface cross section in the center of
Tthe study area. -
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30 feet,

Structure contour men onr the Pierre Shale,~flectric

and radiation logs from oil wells (fig. 11) were used to
draw a coantour map on the top of the Pierre Shale (fig. 12).
The elevation of ftops in individual wells is glven in
apprendix C, The Pierre Shale is assumed to be the basal
impermeable boundary of the reglonal flow system ip the
area; therelfore, the Plerre can be viewed as a flow system

"pasenent®,

The map indicates that several structural features

are present in the area, The structural feature in the
southwestern corner is the Cedar Creek antlcline which
trends from northwest to southeast. In the northeastern
coxner of The study area the southern end of Nesson
anticline is apparent. The primary center of deposition
throughout much of the history of the Williston basin is
just to the north of the study area on the western flank
il of the Nesson anticliﬁe. The trends of several minor
structural elements are conspicuous as flattening or noses
on the regional dip.

This map also shows the rather low dips within the
area. The dlp of the Pierre Shale is'greatest on the
northeastern flank of the Cedar Creek anticline, but there
it is only about 50 £t/mi {about 3 degree). TFarther to the
north the dip is considerably less., Because of its low

vermeabllity, as a result of its fine-grained charactler,
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igure 1i,--Location of oil wells used in constructing
a structure contour map. .
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Pierre Shale, The contours are in feet above

mean sea levsl,
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and because of its very low dip the Plerre Shale gqualifies

as a nearly impermeable and horizontal basal flow systen

boundary.
Hydrogeology

In the following brief descriptlion of the general
hydrogeologic conditions a distinction 1s made between
shallow and deep groundwater on the basis of physical and
chenical data, The relationship of the two will be
demonstrated later, : W

Shallow groundwater

In this study, shallow groundwater 1ls defined as that

which occurs in Quaternary alluvial sediment, The base

flow of the Little Missouri River is malntained by water
discharged from the alluviunm, therefore, the water at vil

base~flow stage is assumed to have a chemical character

similar to the shallow groundwater, Data were obtalned
from pits, shallow domestic and test wells, andksurface
water observations, |

The shallow groundwater 1is maintained primarily by
contributions from three sources: (1) the deep ground-
water (bsdrock flow systems), (2) recharge through the

Chann

0]

1 banks during periods when the stream stage is
higher than the groundwater table (this increment con-
“Tributed to the shallow groundwater 1s called bank storage

{Linsley, et, al., 1958) and is discharged to the streamn
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during the recessional stagze), and (3) infiltration
through tThe bed of ephemeral tributaries during runoff,

Infiltration through the surface of the alluvial
111 is not considered a significant source of recharge,
Most preclpitation in western North Dakota occurs as rain
during the late spring and summey months., The soll prob-
ably has a high moisture deficiency (no figures are avail-
able) and therefore most water falling on the valley fill
surface goes to replenish the deficiency. This condition
was observed during the summer of 1969 when an abnormally

large amount of precipitation fell during a periocd of a

Tew weeks, ZIZven alter one week of rain, which exceeded

7 inches, the wetted front d4id not exceed a depth of 3 fl
to 4 feet. Recharge through the surface of the valley QQ
T£ill might occur during periods of v;ry intense rainfall
{several inches per day) or in areas of abundant drying
cracks, Rainfall of extreme intensity does occur infre-
guently. However, the amount of recharge resulting from S
a storm of extreme intensity is ?robably not significant

in conparison to the total ysarly recharge from all sources,
No observations have been made of the possible recharge
from snow and frost melt, Drying cracks have been ob-
served but no quantitative data as to theif extent or
significance to recharge are avallable,

The transverse gradient of the shallow groundwater 1s

very low, probably on the order of 1 ft/mi, The zradient

was so low that it could not be measured within the limits
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of precision of the instruments béing used, The longi-
tudinal gradient averages 5 to 6 ft/mi,

Hiph transverse gradlients wers assoclated with
special recharge conditions, such as the release of bank
storage, or infiltration through excavations on or along
the valley ©ill. An example of localized infiltration
was assoclated with an excavation about 1 mile south of
the South Unit of Roosevelt Park, The site is a road-bed
aggregate plt in bedrock abutting river terrace sediment,
The pit acted as a collecting basin and impounded water
rurmning off an adjoining hillside, The stream channel
was approximately 500 feet west of and 30 feet below the
excavation, During periods §f high rainfall (such as the

summer of 1969) a large amount of infiltration was induced

throuzgh this excavation, The effect on the stream channel

was apprarent. The stream bank opposite the excavation I
underwent mass movement apparently in response to increased
hydrodynamic pressure, The channel bottom at this location
was very soft (almost guick) shortly after‘the heavy rains,
This condition persisted for several days, Isolated con=-

ditions of a similar nature were observed in other areas

along the Little Missouri River,

As a result of groundwaﬁer oontributioné from several
sources, some of which are Transient, the alluvial water
chenlistry may show considerable local variation, However,
with the establishment of base~flow conditions in the river,

The water chemlstry soon reaches an equilibrium and does
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tens of miles. The water can be generally classifled
according to the dominant lons present as sodlum-~calcium
sulfate-~bicarbonate water.

Deep mroundwater

In this study, deep groundwater is defined as that

‘which occurs in sediment older than Quaternary; more specif-

ically, it is water occurring in theAFox Hills through
Sentinel Butte Formations, The typé of the groundwater

flow system involved ranges from reglional to local, Data

‘"were obtained from wells (fiz., 13) and springs.

A plot of static water level (measured from the land
surface) against well depth is shown in figure 14, The
plotted data shows tﬁo diverging tre?ds. The trend above
the zero=-line shows an increase in water level with depth
indicating that these wells are in a discharge area., All
Gata which pioctted above the zero-line were from wells
located on the valley flooxr of the Little Missouri Hiver,
The trend bpelow the zero~line shows a decrease ln water
ievel with depth indicating that these wells are in a
recharge area {(these data were from wells located 15 to

25 miles east and west of the Little Missouri valley)., This

qualitative evaluatlon substantiates the earlier assumption

that the valley is a discharge zarea,

]

The water chemistry (excluding springs and sample

Yy
o
Q
5
3
&

b

loczl flow systems) shows both vertical and laterazl

variation, OCne Iinvariaant throughout the discharge area

W
oM
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Figure i3.-=-Location map of deep-groundwater wells
from which data was obtained.
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and below a depth of a few hundred feet in the recharge
areas 1s the slmost complete absence of calclum and mag-
neéium. The waters in a broad sense can be classifled
according to the dominant lons present as sodlum blcar-
bonate-sulfate grading to sodium bicarbonate from south
to north, | |

Water from springs and a few of the wells sampled
is derxrived from local flow systens, Many of' the springs
sanpled were assoclated with lignites and were located
near the base of isolated hills, The source of recharge

was through the hill, and the flow path lengths ranged

from a few hundred to a few thousand feet, Chenmical

analyses from separate local flow systems indicate high

variation in quality, with most analyses yielding values

of total dissolved solids greatly in excess of sanmples .

from larger flow systems with flow paths at least a few

miles in length, This is in opposition to the commonly

accepted generalization that the concentration of total

dissolved solids varies directly with the length of flow

ﬁ~ path (Chebotarev,'1955}. Obviously more than Just flow-

path lenzth needs to be considered in western North Dakota.




PLOW-SYSTEM EVALUATION
Potentlal Distribution

The potential distributlon of the flow system 1s
represented by three vertlcal c¢ross sectlions (figs. 15,
16, 17) constructed at nearly right'angles to the axils

of the Little Missouri valley. In constructing these
cross sections it was assumed that steady-state flow

exists. This assumption is Jjustifiable because drillers

indicate that present values of total head are not

significantly different from original values; in some

Cases the period of time involved 1s several tens of

vears. A variation in total head of a few feet 1s consid=-

‘ered insignificant in com@grison with a total saturated
thiclmess of more than 1,000 feet. Some reports of sig-

nificant decline in total head can be attributed to either

faulty well completion or casing fallure., The angle of
intersection of the flow resultants and equipotential

lines in these sections were corrected for vertical exag-

geration using the procedure developed by van Everdingen
{1963).
The cross sections (figs. 15, 16, 17) depict several

important features of the flow system, (1) The potential
51
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Figure 16,==Pattern of groundwater flow in the Little
{V‘:issouri valley, North Dakota. The diagonal pattern
indicates the approximate top of the Plerre Shale.
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distribution is focused around & groundwater sink that

coincides with the trench of the Little Missourl Rlver,
The potential decreases upward, indicating that the
valley is a discharge area, (2) The movement of ground-
water is affected by the Little NKissouri trench down to
at least the top of the Plerre Shale, No evaluation of
cil-well drill-stem tests below the Pierre Shale has
been made; therefore, no coanclusicns can be reached as
to the maximum depth effect of the trench. (3) The flow
components of largest magnitude (lateral and vertical)
are contalned in the plane of the cross sectlon. Typleczal
values, in terms of the gradient of the three conponents
in the discharge area, are glven in table 1., The values

ndicate that the longitudinal component is at most about

=3
()

1 percent of the vertical, (&) The groundwater flow

Table 1.-~-Values of gradient in the discharge area with
respect to the flow components,

Range of values (ft/Tt)

Lateral ’ -3
Component 1 X 107 0 7 X 10
Longitudinal 3 L

Component 1 X 1077 to 6 X 10
Vercical |

Component 2% 107% to 1 X 10




‘lines are directed toward the river from opposite sides

of the reglonal system, The flow lines converge in the

discharge area, which is approximately the same width as

the valley botton,

The regionsl flow pattern.

The regional flow pattern is represented (fig. 18)
by a sectlion through the center of the study area, The
groundvwater divides are not symmetrical with regspect to
the river, The divide of the western half of the flow
system is at least 22 miles from the valley, and the
eastern divide about 12 miles from the valley., The "
groundwater divides correspond approximately to the
surface-water divides, In the eastern half of the flow

system the grocundwater moves up the regional dip from

¥

the recharge to the discharge area,

¢

The vertical components in the discharge area and
the esastern recharge area are of similar magnitude, where-
as the near-surface part of the western recharge area
has a vertical recharge component, about twice the ver-
tical discharge component. This difference can be ex-

plained by examining hydrogeologlic differences in the flow

field.
The western recharge area is 200 feet higher than
the eastern recharze area, resulting in a larser potential

n the western recharge areas; that is, the valves of fotal

oo

head are greater than in the eastern system., However, the

potential distribution around the discharge area 1s nearly

e
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Ip»’gv

Figure 18,=--Pattern of regional groundwater flow. The
cross section extends from T. 140 N., R. 106 W, to
T, 139 N., B, 98 W, The diagonal pattern indicates
the approximate top of the Pierre Shale,
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symmetrical, indicating that the greater potentlal of the
western system has been dissipated in the recharge area,

| The closely spaced lines of equal head indicate (fig., 18)
that the dissipation occurs in the vertical recharge
component, #Why is the energy dissipation restricted to the
vertical conponent of the western recharge area? The flow
path of this system is longer; why 1s the excess energy
not used up over this sreater distance?

An examination of ¢il and water well logs suggests
that the overall permeability in The western recharge area
is less than in both the discharge area and eastern re- N
charge area, Sand units of significant thickness are %
absent down to depths of 1,000 feet below the surface in

the western recharge area, If the amount of recharge per

unit area can be assumed eguivalent for both systems, then e

a direct appliication of Darcy's law requires that the o

systen of lower permeablility have a steeper gradient. ‘ i
Therefore, the larger values of total head and the steeper , .

graGlent in the western recharge area can be explained by

its higher ‘topcgraphic poéition and 1t relative lower
permeability,

The total flow vector.-Tdth (1963) suggested that the

longitudinal component {along the trench) of groundwater
flow would be of little significance compared with the
iateral and vertical components in a vertical cross section

constructed parallel to the dominant tqpogra?hic slope

{essentially normal to the trench). If this reascning is
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valid, 2 projection of the total flow vector on the plane
off the cross section is a good approximation of taes total
fiow vector., This assumes that the sediment can be con-

sidered homogensous and isotropic; that i1s, the ratio of

horizontal to vertical permeability is one (Kh‘Kv = 1,0},

In the Little Missourli River discharge area, the vertical

gradient i1s at lesst 100-times iarger than the longitudinal

gradient, I the anisotropy were Kh‘Kv = 100, the total

flow vector would be oriented at about 45 degrees to the
horizontal aﬁa the Tlow resultants in a vertical cros;
section would not be close approximations of the total i
flow vector. A value of anisot?opy of 100 is not unlikely.
leyboonm, van Everdingen, and Freeze (1966, p, 40) con-
cluded that the discrepancy between the flow resultant and
total flow vector can be measured by installation of
triangularly nested piezometerss; this was not possible in
this study. It can only be assumed, at this point, that

the total flow vector is significantly inclined downstream
{relative to the slope of the river valley) in the dis-
charge area, Further consideration of the total flow vector

will be made in a discussion of the growundwater chemistry.

Groundwater Chenmistry

Chenical analyses from more than 300 samples were

gvaluated during the study; over 50 percent of the samples

0]

are from deep groundwater sources,
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- Deep sroundwaiter ¢
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emistry

The type and sbundance of chemical constiltuents in
the deep groundwater varies both laterally and vertically.

The cations are dominated by sodium in the reglonal dis-

charge area and below & depth of 200 to 300 feet in the

IR Y I IS R R

; recharge areas, The abundance of sodium in relation to
total catlions in the discharge area is shown in figure 19,

The cations of all but four of the samples plotted are

composed of 95 percent or more sodium. The flgure contains
data from samples ranging in depth from 100 to 1,500 feet
bvelow the valley floor. The anion portion(of the water w

samples from the discharge area is of variable character. e

The chemical facles in the Little Missouril flow system are

sulfate, sulfate~bicarbonate, bicarbonate-sulfate, bicar-
bonate, and bicarbonate-chloride.

datey from the Fox Hills Formation.-All samples from

| the Fox Hills Formation are represented by figure 20, The

water 1s classified as sodium bicarbonate~sulfate in the

southern part of the discharge area grading to sodium

bicarvonate~chloride in the northerh part, Only three

samples from the recharge areas were evaluated; these are .

classified as sodium sulfate-bioarbonatekwater. The data
points in figure 20 are connected by dashed lines because
they probably represent a gradatlional change., However,
the change occurs rather abrupily over a distance of

about 8 miles (T. 144 N. to T. 145 N,). Unfortunately,

no wells penetrate to the Fox Hills Formation in this

s
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CATIONS * PERCERYAGE REACTING VALUES ANIORS

Figure 20,=--Chemical analysis diagram of groundwater from
tie Fox Hills FPormatilon, The darkened regions indi-
cate The areas of sample plots,
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‘chloride indicates long residency., Considering that the

interval.

M o

The variation of sulfate with respect To blcarbonzate
is shown by Timure 21, ‘A trend toward a decrease in
sulfate relative to bicarbonate from south to north'is
obviocus, The spatial distribution of flucride (fig. 22)
and chloride {(fig. 23) shows a rather constant increase
from south to north, The concentration of total dissolved
solids (in reactive eguivalents per million, fig. 24) 1is
relatively constant throughout the discharge area, with
the exceptlon of the northern-most and southern-most areas,

From the western recharge area (T, 140 N., R. 106 W.)

to the discherge area there is a decrease in sulfate

relative to blcarbonate, an increase in chloride, an
increase in fluoride, and a decrease 1n total dissolved

solids,

Several reasonable explanatlons of these chemical

trends are possible, Chloride is very soluble relative to
the other constituents and once in solution should remain

in soliution; therefore a trend toward an increase in

?low path is at least a few tens of miles long in the Fox

Hills Formation and that flow rates generally decrease with
depth (Tdth, 1968, p. 27), it is conceivable that some
water in the Fox Eills Formation has been there for at
least several thousand and possibly several tens of thou-

=%

cands of years, Apparently there is a very limited source

of chloride in this systen, because the values are much




Pigure 21,--lap showing the variation of the sulfate-
vicarbonate ratio in groundwater from the Fox

Hills Formation.
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the variation of Iluoride in
from the Fox Hills Formation,
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from the Fox Hills Formatlon,
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rg the variation of
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lower than might be expected, Nevertheless, there 1is an
increase northward in the dlscharge area. This wmay indi-
cate the presence of a significant longlitudinal component
(northward) of the total flow vector, or it may indicate
that the west to east flow length (normal to the valley
axis) is greater to the north, Possibly more chloride is
available in the northern end of the study area (fossil
water?) and the increase ;s not reflecting flow-path
1ength, Fluoride 1s similar to chloride in its chemical
behavior (though much less abundant) and explanations of
fluoride variation analogous to those for chloride varia-
tion appear plausible,

Total dissolved solids remaln relatively constant or
show only a slight increase northward. Assuming that
similar lithologies occur throughbut the study area, the
nearly constant concentration of dissolved solids indicates
that flow-path lengths are nearly egual; this tends to
negate the existence of a significant longitudinal flow
vector. The removal of sulfate from the system does not
appear related to length of flow-path. A discusslion of
its disappearance is included in a following section,

Water from the Hell Creek Formatién.»All samples from

the Hell Creek Formation are represented by figure 25.
The Wéter cen be classiflied as sodium bicarbonate-sulfate

grading to sodium bicarbonate. The variation of sulfate

ct

with respect to bicarbonate {(fiz. 26) shows a decresse in

sulfate northward., Chloride (fig. 27) increases south to
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north, then falls off to a low constant value in the north,

-

tribution of total dissolived solids (fig. 28) shows

The dis

The near disappearance of chloride can be accounted
for in two ways: (1) a lithologic change northward with
little or no chloride available for solution, or, (2)
flushing of the system by either very rapid turnover of

water or "fossil® flushing resulting from Pleistocene

glaciation in the area orf the northern Little HMissourl

River and to the east of the study area (Clayton, 1969),
However, the minimum amount of tinme sinceyglaciation is
about 10,000 years and assuming flow path lengths on the .

order of 20 miles, the rate of groundwater movement would ;

have to be less than 10 feet per year to retain any
Plelstocene water, A groundwater flow rate of 10 feet ox
less per year 1s not lnconcelvable; however, it 1s improb- &
t an adjustment toward chemical egquilibrium could
not be azttained in a period of 10,000 years, unless glacial

flushing was so intense that it removed all soluble chlo-

rides from the system, Flushing from below would not

explain the disappearance of chloride, but (3) a decrease

in upward seepage from The Fox Hills Formation, which
contains apbundant chloride in this area, could account

for the chloride reductiorn in the Hell Creek.

The general northward increase in total dissolved
so0lids appears contrary to the chloride distribution; the

generally accepted view is that both chloride and total
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Fimure 28,-=lsgp showing © T f the total dis-
solvad solids in epm in groundwater from the Hell
Creck Formaetlion,
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dissolved solids increase with a lonz flow path. A
possible chenical mechanlism accounti s for an lncrease
in total dicsolved solids but not related to flow=path
length is included in the following sectlon.

Water from the Cannonball Formation.—-A plot of chem-

ical constituents (fig. 29) in water from the Cannonball
Formation indicates that the only chemical facles occurring
this stratigraphic position is a sodium bicarbonate
type. Sulfate and chloride are essentlally absent through-
out the area, Total dissolved solids (fig. 30) 1in general
increase south to north; both sodium and blcarbonate
increase northward.,

Why shovld water at this position in the flow system
be so consistently devoid of sulfate? Either sulfate is
not avalilable in the unit or it is béing removed as rapidly

s introduced, It 1s not likely that sulfate 1s not

[

©

fote

s

by

available because the Cannonball is‘overlain and underlain
by sediments containing sulfate water (at least in the
socuthern part of the study area), and as & result of the
groundwater flow (as potential distributions indicate)
there must be interchenge at various places in the system,
Therefore, it seems probable that sulfate is being intro-

duced into the Tformation and is being removed by some

An explanation Tor the removal of sulfate involves the

0]

reduction of sulfate to sulfide, This process was con-

cluded by Cederstrom (1946) to be the mechanism generating

Al i
o R
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FPigure 29.-~Chemical analysis diagram of groundwater from wp
the Cannonball Formation., The darkened regions gl
indicate the areas of sample plots,
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carbon dioxide and resulting in increased bicarborate in

groundwater in Virginia, Feely and Xulp (1957) employed

reactlons resulticg ”fom sulfate reduction to explain
salt-dome sulfur devosits,

The reduction of sulfate occurs when it comes in
contact with organic matter, Using the simplest organic
compoand, methane (CH@), Krauskopf (1967, p. 276) presents

the reduction reaction

28" + 50,77 + CH,—>HyS + CO, + 2H,0
AF° = -24,8 keal  (7)

in which sulfur is reduced from a +6 to a -2 valance state, ﬁ
Tnis kind of a reactlon has been demonstrated in the

laboratory only with more complex organic compounds, never éi
with methane; therefore, the reaction is only symbolic, -
Zeduction in the presence of organlic matter proceeds too
slowly to be significant unless a catalyst in the form of
anaerovic bacteria is present (Krauskop;, 1967); this
group of sulfate~reducing bacberia are classified under a

ingle genus, bPesulfovibrio (Feely and XKulp, 1957, p. 1809),

j =0

There 1s evidence for the existence of free orgenic matter

in water from the Cannonball Formation, A flowing well

sec, 2, T, 141 N,, R, 101 W,) was observed to be period-

s

icalilly emitting minute globules of material walich rose to

the suriace of a stock tank and produced an iride

oy o
zZeenv

(;

sheen, The frequency of emission was about 10 sscconds over

a paeriod of oooervatxon o several minutes., Iridescent




taminatiocn, Apparently some immiscible ligquid is present
in The formation; an organic compound séems probable, Cne
necessary ingredient for sulfate reduction is apperently ‘
readily avallable in the Cannonball Formation.

Feely and Kulp (1957, p. 1810) cite evidence indi-
cating that anasrobic bacteria are known to occur at

depths exceeding 1,500 feet., They also indicate that the

*U

optimum bacterial growth 1s between the pH values of 6,3

8,6 (o, 1809); the pH values of Cannonball water are

jen
.

n

o

contalned within this range

The oroducts of sulfate reduction indicated by

equation 7 are hydrogen sulfide (st), carbon dioxide

,a

COp) and water. Carbon dloxide and water can be con-
dered to be respiration products of the bacteria, and
the energy loss (24,8 kecal) is the amount utilized by the
vacteria in the converslon process, The reduction of sul-
fate is but a first step in altering the groundwater chem-
istry as a comnsequence of the products of the reaction
(EpS and CO,), Hydrogen sulfide 1s a weak acid and can
dissociate: |

HZSA T 4+ HES . ' (8)

If dcnization 13 inc ompl te some HES can renaln in solue
tion as a dissolved gas, 4n odor HpS was noticed 2%t some

L

wells bettomed in the Cannorball, The second product of

. ' , ' ‘ |
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equation 7, CO,, combines with water to form carbonic
acid (EZCOB), which can icnize to form hydrogen lons {HT

and bicarbonate (HCOB”):
H,C0, <= E' + z{coj‘. (9)

The increase in hydrogen ions as indicated by equatioas
& and 9 can result in the solution of CaCOB to form Cat™
and HCO 3 H

-

CaCoy + H ===ca™™ + HCO5™. (10)

The direct effect of sulfate reduction is an increase in
HCOB {high values are characteristic of the Cannonball
Formation) and Ca®™ . However, it was noted earlier that
is essentially nonexistent in the groundwater (with
the exception of the upper 200 to 300 feet of sediment
in the.recharge areas}, The removal of ca™ could be the

result of cation exchange in clay minerals and zeolites,

A general example of the process involved for zeolites 1is:
Na-Zeolite + Catt==> Ca-Zeolite + Na®™. (11)

This reaction would increase the Na® concentration,
The net result of reactions 7 through 11 is a decrease
- - - .+
, an increase in h803 and Na' , and as a conse-

guence an increase in the total dissolved solids, These

11,

results are charactieristic of water samplez from the
Cannonball Formation, and the qualitative reaction schene

sresented is believed to be a reasonable explaration of




obsexved chenmical changes, These types of reactions mizht
elso accownt Tor chemical, changes occurring in water fronm

cther units in the northern end of

the study area,
Waoter semples from the Iudliow and Tonmue River Fox

mations,=The Ludlow and Tongue River Formatlions are the
highest stratigraphic units sampled., Water from the Lud~-

low is represented graphically by figure 31, and can be

classified as sodium bicarbonate-sulfate grading to sodium

picarbonate {south to north)., The Tongue Aiver Formation

o A y

contains the shortest and shallowest flow paths of the wells

sampled, Groundwater motion in the Tongue Hiver Formation
is more affected by local topography than any of the deep-
er units, These conditions are reflected by the vari-
ability of 1ts water chemistry, which is represernted by
figure 32, Chemical facles range from sodium sulfate-
bicarbonate to sodium bicarbonate, As with previously
discussed units, low values of sulfate occur in the north-
ern part of the discharge area. Some of the hlghest wvalues
of total dissolved solids were obtained from sulfate~rich
sanples of Tongue River water, indicating that abundant
soluble sulfides and sulfates are present in the sediment
of the recharge areas,

Semples from svrings,~A few samples from springs

iocated along the toe of the valley wall of the Little
Hissourli River were analyzed, The springs were assoclated
with Lignites and the groundwater Iflcw path was relztively

shoxrt, on the order of a few hundred feet. The samples
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were compossd of predominstely sodi pm sulfate waier
ig. 33); however one sample contalined 30 percent {of
Ttotal caticns, calciun and magnesium, Spring locatlons
along the valley wall were marked by accumulations of

white sodium-sulfate salts., Spring water has a chemical

Q
oy
o
L5
0
(o]
ct
4]
[+
4]

inilar to samples from shallow wells in the

Gischarge area with the exception that the spring water
contains more calclium and magnesium, The largest values
for total dissolved solids (upwards of 300 total equiv-

zlents per million) were from spring samples,

Calcivm~nacnesium facies.,~Calcium and magnesium

concentrations in groundwater are apparently ilnversely

related to Tlow=path length. Therefore calcium and mag=-

nesium Cecrease with depth in the recharge areas, .
Coplies of water-gralysis worksheeﬁs were obtalned

from the North Dakota State Deparitment of Health and values

of total hardness {calcium and magnesium as CaCOB in ppm)
of 169 samples from all parts of the study area were used

to evaluate the decrease of calcium and magnesium with
Genth. The majority of these samples were from private

welilz., The samples weyre collected by the owners in most

cases, The only analyses evaluated were those with re-
ported depths and locations, Samplesvfrom the Little Mis-
souri valley were excluded from the evaluation., The re-
sults (table 2) indicate that the amount of calciuwm and
nagnecsiuvn does decrease with depth and that a ratizr abrupt

chanse occurs between 200 to 300 feet, ZEelow 300 feet the
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values are eguivalent to those in the discharge area., An

anajiozous situation was observed by Renick (1924) in

Yontana. He attributed the decrezse in calcium and nag-

and increase in sodium to cation exchange by sillicate

13
®
&)
l. I
§
W

¥Minerals occurring in the sediment of the flow system
nat are capable of cation exchange are clay minerals (in
intergranular spaces and in bentonite beds) and probably
zeolltes, A general eguation for cation exchange for
zeolites (equation 11) indicates equilibrium between Na™

LI Y . - - =
and Cz”" menbers, Sodium is readily given up in exchange

——
T

fTor Ca’', even Ffor very dilute cat™ solutions. However,
the reverse reaction (Ca-Zeolite exchanzing Ca®™™ for Na+)
occurs only wher: the concentration ratlio (Na+)/(8a++) is
much greater than 1 (Xrauskopf, 1967, p., 162).

Why nust the groundwater move through at least 200
feet of sediment, on the average, before exchange equi-
1ibrivm is established? Some of the;most important vari-
ations to be considered are (1) the distribution of cation-~
exchange minerals in the sediment, {(2) the rate of cation
exchange, {3) the length of time that the water has been
in contact with the sediment {(the rate of downward move-
zent), and {4) possible additions with depth of Ca™ and

¥zT" to the water in this zone.

{1) The distribution in the sediment of minerals with

nign cation exchange capaclty is unknown. Renlck (1924,

|

D. 70) indicates that zeolites and clays with high exchange
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pth of Ca™™¥ and Mg ' '=rich groundwater would also

necrsase, However, eérosion in western North Dakota 1s

(Ciayton, 1969), If the rate of surface lowering
is equal to the rate of migration of the downward moving
front then the thickness of the altered zone would be
meintained with time, The relative rates of these two

process are unknown,

Sunmarv of the zroundwater chemical flow system,-The

variation of chemical Taclies of the Little Missourl River

groundwater flow system at first appears to be best eval-

¥

ated on the basis of individual stratigraphic units. Many
of the observa%ionsvappear almost contradictory to the
conciusion that the Little Missouri valley 1s the locus of
convergling groundwater flow lines of a single regional flow
system., There is typically much vertical variation of
picarbonate and sulfate in the study area., The relation-

ship between blcarbonate and sulfate in samples from all

stratigraphic hnorizons in the discharge area 1s shown in
the scatter dlagram, Tigure 34, The samples with the

st values of sulfate are from the areas of the short-

:S«
=3

)

zh

[

st groundwater flow path, Several conclusions can be

Grawn from this nonlinear plot, (1)vSu1fate readlly goes

into solution in the groundwater of western North Dakota

znd is an indicator of young groundwater. (2) The trend

avpears to be asympictic to a reacting valuve of a2p0roxi-

mately 8 to 9 equivalents per million of bicarbtonate, This

value 1s interpreted as the bicarbonate base line and
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Hoe

probably represents the initial amount of “VOB“ formed in
the presence of free CO, in the rechurge areas, (3) 4

disprovortionate increase in HCOB“ relative to the decrease

in 804" is a result of sulfate reduction; 3003” and 50),7"

comprise at least 90 percent or more of the total anions

in all but a few samples,

The very low values of chloride in samples from all
but the deepest parts of the flow system probably reflect
an absence of soluble chlorides in most of the sediment.
The marked decrease in chléride from south to north in
water from the Hell Creek Formation may be the result of
flushing by a very active flow system induced in the north-
ern part of the study area by Plelistocene glaciers, Or the
decrease in chloride nay indicate a decrease in upward
seepage Trom the underiying Fox Hills Formation., This
could indicate a separation in the Tlow system in which
the Fox Hills Formation no longer participates in the Little
Missourl River flow system but assumes a more longitudinal
flow component. A lack of sufficient data prevents a more

thorough analysis in the northern end of the study area,

and the complexity of the water chemistry makes further
‘elaboration‘on the total fléw vector difficult.

A generalization of the Chebotarév sequence for the
Little Missouri flow system, beginning in é recharge afea,

might be as follows.
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HCO4™ or HCO4™ + 530, =50, + :-1003" —
8C, T —> 30 + HCO5 ——-?-»—‘-HCOB + 50, —>
HCOB- or HCOB + C17

The general vertical variation in cations in the regional
fiow system (west to east) is showm by figure 35, The

istribution of anion facies (west to east) 1ls shown by

[

th

igure 36. The variation of anion facies along the longi-
tudinal flow component (south to north) in the discharge

s approximated by figure 37. It 1is obvious that the

[

area
nresence of these alternating Tacles prevents placing a
single analysis of bicarbonate-sulfate water at a unique
position within the flow system.
Ansalyses of water samples from oil-well drillstem
tests of formations just below the Plerre Shale indicate
that on the average this water contains about 100 times
more chloride and at least 10 times more total dissolved
solids than water from the Fox Hills Formation, Apparently i

tne Plerre Shale forms a significant groundwater-chemical

beundary in western North Dakota.

L
]

[
W

Chenistry of shallow eroundwater

The chemistry of shallow groundwater samples may show
considerable local variation in amouat of the major con-
stituents, Figure'38 represents two sanmples collected at
the =zame time from avproximately the same depth below the

water table, The sample wells were aligned normal to the
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The line of the section corresponds to figure 18,
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wabter by scepage from the stream; large amounts of rainfall

s difficult to
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nad resulted in prolonged high stage, It
describe the average shallow groundwater chemistry because
cf This type of itrensient condition.

A few widely spaced (covering about 120 river miles)
sanples of shallow groundwater, collected during extended
pericds of low stream stage, are assumed to be represen-

tative of the normal chemical conditions (fiz. 39). The

re predominately sulfate~bicarbonate; calcium plus
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nagnesiun comprise from 30 to 50 peroenu of the total

¥ost of the samples showing the lowest percentazes

-
C&avLions
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te are Ifrom the northern end of the study area,
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However, the limived amount of data does nov warrant pro-~
posing this as a real trend.

Streanm flow at low stage 1is maintained Dy groundwater
seepage; Therefore, sanples at low stage shonld be lndic-
ecive ©f thne chenical character o; the gréundwater, It was 5
observed thet the Little Missourl River consisted of

reacanes c¢f allernating increasing and decreasing flow at

Low steze. Late in August, 1967, several discharze meas-
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for sore surface-water samples. The calculated-
rd is for solutions in contact with calcite. The
stippled area indicetes assumed equilibrium,
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d That a larce gquantity of the shallow groundwater
is a result of seepazge from the deep flow system, conly one
aspect of the shallow grovndwater chemistry remalins un-

3 - ! 3 s o et e TR, .
resolved, Thne concentration of Ca and Mg in the deep
sroundwater has been shown To be consistently very low
beneath a depth of about 200 feet from the ground surface
e s ) ) , ++ oy ) -
in the recharge areas, wWhereas Ca and g comprise 30

total cations in the shallow ground-
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water,
it was concluded in the previous section that the
upper 200 feet of sediment in the recharge areas has

he origzginal Na-rich zeolites and clays altered
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¥xtent to Ca-rich types. The bulk of the fine-
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grainred sediment Tilling the valley has been derived from
erosion of sediment in uhe,recnarge areas, That sediment
contalins Ca-rich zeolites and clays. It was also noted

sarlier that the equation for cation exchange (equation 11)

ER

is reversible only with aAconcentration ratio of (Na¥)/
{(Ca™) much greater than 1., However, this is the case in
deep groundwater, which in the discharge arez has a
oncentration ratio of at least 90:1. The Ca’” and Mg '
in the shallow groundwater are increased relative to Na™
0y catvion exchange, with equillibrium being meintained as
The concentration ratio approaches 1.
The most consistent characiteristic of the shallow

growdwater chenlistry is 1ts apparent haphazardness, The
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The purpose of this section is to provide & rudi-

rentary analysis of the relative relationships of varlious
seerage contributions to the shallow grocundwater systemn,
Seevpares Trom the stresm channel at high stase

wWwhen the level of water in a channel 1s above the
groundwater table the potential gradient is reversed and
water nmoves Tronm the channel into the sediment, resulting
in mouncding of water adjacent to the stream.’ This con-
tribution to groundwater is called bank storage., During
the flocd wave recessicn the gradient is agaln reversed
and water 1n bank storage is releassed to the stream, A

n

Pt
j)]

result of bank storage, stream heving highly permeable

hank sediment, cawnm be a smoothing of The flood peak,
ividence of tank storage along the Little Missouri

the dilvwticn of the shallow grouwndwater chemistry

by secvage Trom the river {fig. 38) and the slight increases

in zroundwater head during the passage of a flood wave,

3 T, 2 ? T &

The chaannel bottom of the Little Missouri River consists
srimarily of gravelly sand, The banks are »rimarily sandy
silt, GQGravelly sand or sandy gravel are the preloninats
tyoes below chamnel level, The sedliment hos a

»

hizgh hydraulic conductivity.
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Little Missouri PEiver has & very anigh suvepended
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load during fiood ssare., Samnples collected at
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the sample. Values of suspendad sed
exceeding 25,000 ppm were revorted by the U, 5. Geological
Survey (1955, p. 222). As a result of this abundant sus-
pended sediment a mud seal {Zarrison and Clayton, 197C,
T, 223) 1s Tormed on the channel bottom and bvanks when the
strean is losing water to groundwater storaze. The sezl
is effective in feduclﬁg the amount of water that can move
into bank storage.

The amount of bank storage for a given flood depends
on many factors, such as the stage height and length of
a Ticod, Tthe position of the watér table pricr to the fiood,
gnd the elffect of the mud seal,

filtraticon throush ephemeral stream channels

The vast majority of tribubtaries of the Little Mis~
scuri Hiver are ephemeral arroyos with channel bottom
widths ranging from a few feet to a few tens of feet, The
crannel bottom sediment is predomina%tly sandy gravel with
accunulations of silt and clay in tne pore spaces, Streams
of this type typically have large losses of water as a
result of infiltration {Rebcock and Cushing, 1942; Qashu

and Zuol, 1967). Runoff in these streams, resuliizz fron

the typical hign intensity and short duration suams™ rains

3

of western Ko

alota, shows a rapid peak and recession,
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The amount of infiltration mey te highl]
cetween chnarnnels Tcor a given pericd of runoflf, devending
pe, sedinment Type, the nature
and wrate of surface Tflow, antecedent molsture conditions,
and the amouwnt of suspended sediment.

Infiltrometer measurements were made in two channels
usinz a single plece of thick-walled, 8-inch casing which
nad & cuiiing edge, The most difficult part of obtalning
The measurenents was carrying the lmnstrument., However, 1less
sturdy tubes would not withstand being driven 1% to 2 feet

into the channel bottom, A constant head of 1 foot was ¥

Trne infiltration rate was determined from the slope

of the cumulative infiltration {fig. 43). Johnson (1963)
cescribed the apparatus and methods used in determining

infiitration rates and discussed the large number of factors
that effect infiltration., He notes (p. 15) that, as a
resuit of the many Tactors lavolved, a particular rate for

a given sedinment type'is Syirtually nonexistent?,

In general two rates of infiltration fTor the channel
sediment were ITound, very fast and v;ry slow, Very slow :
rates were controlled by low permeability layers., These
layers were encountered at various depths in about one-
:ourtﬁ o the measurenments, They are relatsd T0 areas of

oward the end of
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tests not encounterinzg a low
permeabillty layer ranzed from 8 X 10™% ft/min to 7 X 10~
wlth an average rate ¢f about X 10"2 ft/min, 4cs-
suning that local low permeability layers occupy an ares
equivalent to one-fourth ol the chnannel vottom, the average
te of eifective infiltration would be reduced to 3 X X 1072
ft/min., 4 thin layer of mud-cracked sediment covers the
vottom of all ephemeral channels during dry periods and

probably represents a mud seal that was formed during run-

b
]

off. Thnis condition was not introduced in the inriltro-

ci

meter tests. Even though this thin seal is probably only
ligntly permeable, very large gradlients are induced across
it GQuring periods of runeff so tThat significant quaantities
of water may nmove through 1t., An effective infiltration
rzte of 1 X 1072 ft/miﬁ may therefore be a reasonable
gstimate for the ephemeral streams of western North Dakota,

Hagmaier (1970) arrived at a value of approximately

an channsl 1ength/m12 of area bordering
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the Lititle Hissouri River, This value was determined from

i
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csrial photos of a tributary basin near the center of
this study area., 4L channel width of 5 feet 1s a reasonable
average value (Hagmaler, 1970, Yoral communication®) for

this basin., There is therefore, about 7 X 105 fﬁz of
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Applying these calculations to & stream flow 1 Toot

=N,
Lo a

deen and of 1 hour duration {a reasonable estinate




about &4 X 10° VGB/WL or about 2 T ent of the total
rainfall cn that area, A guantity of thils recnarge nmoves

-

verticalliy into tane deep groundwater Tlow systeam and thc

e

-

rereinder moves longltudinally dowm the Tributexry valley
121 and is added Tto the shallow groundwater storage of
ttle Missourl valley.

Values of recharge associated with infiltration through

the ephemeral stream channels may vary by several orders

of magnitude for a given runoff reriod depending on a large
number of conditions, However, the approximation presented
nere indicates that a large gquantity of recharge to both

shallow and deep groundwater may be through the bed of

Secenase convributions fyom deen groundwater

The seepage contribution froﬁ the regionzal flow system
o the valley £ill sediment could be accurately calculated
£ values of hydraulic conductivity were known for'the
oredominately pcso*"'ET perneable sediment underlying ther
valliey £ill, Valiues of hydraulic conductivity for the
deever, more permeable sediments {(such as basal Toague River
sznd) are of no uss 1ln estimating seepage contributions to
vhe valley £111, because the rate is controlled by the
iess permeavle overlylng sediments, I the average sedi-

ment vnderlying the valley is composed wnrimerily of silt
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and ¢clay Tthen an estimate of the hydraul
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wight be 1 X 107% £i/day. Cedergren {1968, p, 35) zives

zeneral values of hydraulic conductiviiy ranging Ffrom aboub
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54 4G te 3 X 10 To/day for mixtures of silt ana clay.
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cuctivity of & secticn of the 2Riding lMountain Shale in

ey amem Al o~ vy I - —2 Ead 3 e & n g
Canada is about 5 X 1 Tt/day, based on tritium counts.

$ ft/day in Darcy's law for
v wrl A . e
%Y of area using a ssepage gradient of 1,5 X 107 1 T/t

to coincide approximately to the width of the valley
floocr, which averages three-fourths of a mile, Summing the

amount of seerag /"t2 cver a 1 foot wide strip of valley

floor vieléds & ftB/éay/fc of valley length or about 3 X 104

£tl/dey/mi of valley length,
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Focsgible welative orders of magnltude

The calculations presented above are understood to be
only zeoss estimates invelving many assumnptions and un-~
Imowne, They were made to poiant to areas of possible

s

The dxy weather, low water discharge of the Little

River during summer and early fall, averazes
sbout 10 toc 15 cfs at the Medora gaging station (sec. 27,
L0 W,, R, 102 W,), There is very 1little change in

Gischarge Tor many tens of nmiles up or down the river.

Trnig grmecunt of base flow could probably sunrlled entirely
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Tron recharge by infiltration through ephemeral sorzan
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noves throuzh the highly

wunder the river (as under-
Tlow) and out of the basin, 4 base flow analysis of the
Livgtlie fissgouri River would therefore give only a minimal
ndication of the total groundwater storage in The basin,
The exact order of importance c.” the three sourcses of
szevage To the valley £il1l sediment 1s unkunown, However,
bani storage is probably not as significant a contributor
as eiTher of the other two sources, and because seepage‘

rom the Tegional flow system is contlnuous the pvrobable
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) sSeepage from the regional flow system, (2)
sgepage through the bted of ephemeral tributaries, and
{3) seepages through the stream banks at high streanm stage,

Jecharge To the reglional Clow groundwater system may
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ntroiled by infiltration through the beds

of low ovdey ephenmeral streans,




CONCLUSICHS
Summary of Conclusions

The results of the study suppor? the following
~interpretations, |

(1) The Little liissouri valley 1s the discharge
area of a reglonal groundwater flow system.

(2) The discharge area 1s approximately the same
width as the valley floor,

(3) The valley affects the groundwater potential
at least down to the top of the Piérre Shéle, at a depth
of greater than 1,000 feet below the valley‘floor.

(&) The ratio of the vertical to longitudinal flow
components {in terms of the gradient) is at least 100 in
the discharge area,

{5) The groundwater divides, in the center of the
study area, are asymmetrically spaced and correspond
approximately to the surface-water divides.

(6) The western recharge area of the regional flow
system has a higher potential and steeper gradient than
the castern recharge area as a result of its higher eleva-~
tion and overall lower permeability.

123
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L7) Thne groundwater chemistry is charzcterized oy

a sodiunm Taciss in the discharsze ares and below a deptn

bicarbonate or
sulfate) and the total dissolved solids show vertical and
lateral variation., Much of the variation 1s attributable
Lo a seguence of chemical reactions initiated by the
reduction of sulfate,

(9) The water chamistry reflects several lithologic
characteristics. (a) There 1s an abundance of soluble
sulfate in the sediment of the recharge areas., (b) The
segdiment contains minerals with high catlon-exchange
calacitybvhich ares being altered from predoninantly
scdium-rich types to calcium-rich types in the recharge
areas, (c) Much of the sediment is apparently devold of
scluble chlorides. (d)‘A reduction in total dissolved
solids zlong some flow vaths reflects diagenesis of the

Pitation of dissolved constituents from

S o Fome 3
geqlment o

D
’“d
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groundwater,

(10) The probable order of importance of seepage
contribu?ions to the valley=-fill sediment is, {(a) seepage
from the regional flow systemn, (b) seépage through the
ephemeral tributary channels, and {c) seepage
s the river banks at nigh stage,

* -3 P I B |

{12} liost of the grcundwater in the valley-Iiil
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2} Cther nore tentative conclusions are sugzested.

{b) Reduced chloride concentrations in some unlits in the
northern end of the study area may be the result of flushing
by an active flow system assocliated with Pleistocens gla-
ciocrs, {c) The Pierre Shale 1s a significant groundwater-

chemisTry ooundary.

Userfulness of Present Groundwater

Flow-System Models

Appliication of the physlcal concepts of existing
Plow-system mcdels appears to be most useful in ground-
water studies in western North Dakota, The models can
form a basis for maximizing quantitatlive lInterpretations
fror & minimum of planned sampling.

The chemical variables are more complex and a large
deviation from a general model may be expected. However,

the variation of groundwater facles can be reasonanly

gsysten,







METHODS OF DATA COLLECTION AND ANALYSIS

Water Level Measurements

urate neasurement of the static water surface

¥
4
*
o
Q
Q

uires that two conditions be met. (1) The
evel measured must be assumed to indicate the potential
&t tTne Dbottom of the casing; that is, the casing is not

nerlforated and is sealed in the borehnole so that no upward

el

lcakege can occur, (2) The level measured should be con-
stant for the time of measursment (recovery Ifrom pumping

or flowing of the well should be nearly complete).

sometinmes slight, particularliy for very old wells or wells
That were poorly completed, Many of the wells completed
in recent yesars in western North Dakota are being cemented,

1, L3

wrich, when done with care, should seal the casing to the
borehole and eliminate upward leakage, Therefore, if the

cesling is well cenmented and is not rusted tihrough, the

retT condition Will be satisfied, The secord condiiion




The Cetermination of the water level in wells was

ater-level indicator {Sociltest,
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liocel DR=-7804), The total head was determined by sub-

Trne static pressure of water in flowlng wells was
Gtetermined using e bourden gauge., The pressure readlng was
converted to feet of water, and this amount was added to

the landé suriace elevation to yleld the total hssd, Attach-

¢t the other end., The device was deslgned in such a way oo

that the pzckers were interchangavle, so that pipes ranging

from 5/8«inch to ii-inch could be sealed, Thc vackers were

U P P S S . o g e - Teal MW . 2 Se o NE e L]
créinary ruschber laboratory Stonpors &nillod bo £AT the
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coanocting pine {(fig, &4), Tz acker was expendcd Lo f£ill
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igure M4, ~-Schematic dlagram of the packer-zauge assenbly
used to measure Tthe water pressure of flowing wells, i




to several nours, When the
¢ showed no detectable change in pressure with tinme

it was assumed that static conditions nad been reached,
Collection of Water Samples

Collection of water sanples that are representative
of the source at the time of collection is essential if an
interpretaticn of the chemical processes is to be under-

waxen, IExact orecedures for collecting different types cof

water sanmples vary among investigators. The procesdure
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surface water,

and grouwndwater {(from both flowing and nonflowing wells).

Jte

In this soudy the samples were collected in high densit

Lol
poliyethylens Lotties with polyethylene~lined bakelite
screwecaps, The sample botiles were rinsed several times

Witn The wWater to be sampled before collection, The

. - g b, e
SELLEs were oollected and *

fae

e cap tightly szoured snd

1 plastic tans ke irnoue L1 eal Aups
jo! +C vape Uo insure a lasting seal during

it
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nunber of surface-uater saxples were
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COlLIeCTed av The gaglny stavion av Medora, Nortn Dalota

concentration, An attempt was made to sample near the
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his was impossible at high stage,
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Samples containing abundant suspendec sediment were allowed

to settle, and the clear water was p.petted 1lnto fresh

Groundwater sanples came from three Xkinds of wells
shallcw sample wells {(cased, hand-zugered wells a few feetl
deep;, pumped wells, and Tlowing wells, In each case the
soliection methods varied slightly.

The shalliow wells were installed in valley=fill

o
(@)
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| Es

ment Jor The purpose of collecting water samples. Sam-

es were collected by lowering a device to the bottom of

&)
foud
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casing, tripping a stopper, and allowing it to Till.
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¥any of the punped wells are in excess of 150 feet
deegy; soms were severxsl hundred feet deep, This gituation
oréseants the possibility of a comsiderable amount of

tagrnant waver being present in the casing if the well

nad th been pumped for a period of time. In this case

the well was puaped until the casing was clisred of stagnant

RI— Tom g ¥ o Lot - —~
water belore the sampls was colliected,

TE o A P .Y T e S - i, o g 5 -~
£G8T 0F tane flowing wells were wnrestricted at the

surface and rlowed continucusly., This eliminated the
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Droblem oF insuring & Srech sample:; however
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whicn intircecduced alr into the sample., This undesirable

Analysis of Weter Samples
A1l me jor chenical constituents, pH, and specific
conductance of 309 samples were determined as a part of
tinis study. COther chemical analyses obtained from the
North Dalota State Depasriment of Health and the U, S,

Geological Survey {(analysis by the North Dakots State

P

Jlater Commission) were evaluated. The Tollowing discussion
of methods pertains only to those samples that I anzlyzed,
Tihe method of analiysis during the first field season
{1967) foliowed procedures recommended by Hach Chemical
Company, OSodium and potassium values were calculaved for

these sawnples; therefore less emphasls 1s plzced on their o

arzocory, Field analyslis wes avandoned bescsuse 1T was tizme
cornsuming and the working conditions were ncor. LI11 of the

anslytical procedures nmaintain thelr accuracy only within




Significant changes occurred during transpore.
The Tollowing procedures are described inm the oxder

Estimates of repro-
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The pH was nmeasured in the laboratory with a Zeclman
Zercnatic pH meter, The instrument was standardized with

n of pH 7.0 and checked Trequently with
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buffered solutions of pH 5.0 and 10,0, All solutions were
tempsrature corrected, The readings were reproducible to
0.03 pH unit.

reasurements at the time of collection were made with
& Beckman model 180 voritable »H meter, The instrunent was
stanferdized against a buffer scolution prior tTo each
measuremnent, A check against the zeromatic indicated that
this instrument geave relatively stable results if standard-
ized before caca measurement, No significant chznge in

Tne pH of Tthe solution was assumed AT the variation between

1

033 pﬁz Wkito
A varistion larzer than this value occurred oniy for a Few
zampies, This discrepancy night, in some casas, be She

off the pH of those field samples not beins

SIS e s ey e & 5 5 S g e om o [ S .
Jncer stavic condltions,  Barnes {1984, p, I4) observe
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Alkalinity, &s used in water chenmistry, refers to

cne capacity of a water to neutralize strong aclds to

strong acid (0,02 N H,50,) . he relative amcunts of car-
bonate and bicarbonate were determined from the titratlion,
The end points of the titration were taken as pH 8.2
{carbonate) and »Hd 4.5 (bicarbonate) following tThe pro-

cedure of Rainwater and Thatcher (1964, p. 94), who indi-

cate that these pH values are the inflection points on a

1

’ grapn of a bltration of NapCOg with H;8C). Tnis should
have given good rssults for the predominatly sodium-
blcarbonate groundwater from deep sources, buv zmay have
ratroduced an error in samples containing consider rable
amounts of obther counsti nts. The values for total

i Zikslinity as CaCOB-were revroducible o within 2 percent,

e - L o e, -
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