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ABSTRACT

South Table Mountain, near Golden, Colorado, is strategi
cally located relative to the rapidly expanding Denver-Metro
politan area. Residential, commercial, and industrial develop
ments are encroaching from all sides. The recent siting of the 
Federal Solar Energy Research Institute on the eastern end of 
the mountain illustrates immediate development pressures being 
placed on the area which will require roadway access and build
ing construction.

More specifically, drilling information within the western 
portion of the mountain has indicated that the caprock is a 
potential source of high-quality aggregate. The mountain's 
close proximity to Denver and the rapidly declining alluvial 
aggregate reserves in the greater metropolitan area, make it 
an attractive deposit to meet the future needs of Denver 
developers.

Land-use debates are underway, rezoning motions have been 
filed, and local home owners are concerned. A major concern is 
that movements of already active landslides may be accelerated 
or dormant slides reactivated by changes in subsurface hydro
logic conditions due to mining activity.

The results of this study show that shallow groundwater 
conditions and large saturated thicknesses can exist within
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the caprock and that the presence of a groundwater reservoir 
is essentially a permanent feature of the mountain.

Multiple data sources (pump tests, resistivity soundings, 
groundwater thermal measurements, water level monitoring, 
and geologic observations) indicate that the caprock is a poor 
aquifer displaying extreme heterogeneity. Resistivity measure
ments provided a means of extending the results of point data 
measurements across the entire mountain and indicate that those 
seeps and springs which discharge directly from the caprock 
are fed by groundwater moving through areas of higher than 
average permeability. High permeability within these areas 
are products of primary depositional processes (flow brecciation 
and/or post-depositional structural modifications (folding 
and faulting).

Integration of all the available evidence, essentially 
in the form of a flow-net analysis, suggests that there is a 
significant component of vertical leakage from the caprock 
into the sedimentary media. This leakage , probably occurs as 
saturated flow. A continuous saturated flow system between 
the caprock and sedimentary media has been selected by the 
author as a model to describe the hydrologic setting of South 
Table Mountain. The selection of the model is based on a 
subjective analysis of all the available evidence, but the 
reader should recognize that much of these data were collected 
over a single eight month period of below average precipitation

iv
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Confirmation and refinement of this model should be a prin
cipal objective of additional studies.

Seeps and springs, which discharge from the caprock and 
the sediments, occur most notably along the northern slopes of 
South Table Mountain. Landslides also are more common along 
the northern slopes. Both may, in some part, be a reflection 
of the influence of slope exposure and oversteepening of the 
slopes by Clear Creek as it formed its valley. No definite 
correlation between the occurrence of landslides and variations 
in the thickness of the saturated interval within the caprock 
can be made at this time. Along the northern slopes of the 
eastern third of the mountain, extensive landslide features 
occur where the caprock is thin and cannot support a thick 
groundwater reservoir. The author proposes that erosional 
thinning of the caprock may have resulted in not only a re
duction in shear strength of the underlying sediments but 
also in some fundamental modifications in the character of 
sediment permeability. The author would like to emphasize that 
very little is actually known about the hydrologic characteris
tics of the sedimentary media and even less about how these 
materials will respond to adjustments in the existing stress 
environment.

At this time there is no factual basis for predicting the 
net effect of caprock mining on the stability of slopes bor
dering any proposed quarry site on South Table Mountain, nor

v
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was it the intent of this report to provide a basis on which 
to make such predictions. Several important questions must 
be answered before such predictions can even be considered.

Recommendations for additional studies are included in 
this report.



ER-1982

ACKNOWLEDGEMENTS

This report was made possible only through the continued 
support of many individuals. I would like to express my 
sincere gratitude to my field assistants Mr. Andy Middlemiss, 
Mr. Terrence Rousseau and Mr. Rene Rousseau for long hours of 
work in often trying weather conditions. Financial assist
ance was received from the Colorado Geological Survey and 
Mr. Leo Bradley. Mr. Bradley is also to be thanked for land 
access and pertinent information on prior investigations. 
Mobile-Premix, Gardner-Denver, Inc., and Everist, Inc. were 
invaluable in providing land access, cores and borehole logs. 
Thermal calibration equipment was made available by the 
U.S.G.S. Water Resources Division.

The Basic Engineering and Geophysics Departments of the 
Colorado School of Mines provided equipment for the field 
investigations. Special appreciation is extended to Dr.
C.H. Stoyer for his assistance in helping me interpret the 
electrical resistivity data. Mr. Linden Snyder gave me many 
helpful comments and suggestions. Professors D.T. Snow,
A.K. Turner, J.G. Johnstooe, F.E. Moore and K.R. Nelson 
offered guidance and encouragement throughout the investiga
tion and compilation of this report.

A heartfelt thank-you is extended to my wife, Diane, for 
her patience, interest and encouragement throughout all the 
highs and lows of my graduate study.

vii



ER-1982

TABLE OF CONTENTS

Introduction
Location ............................
Purpose and Scope .................
Previous Work . . . .  .............
Climate ............................

Geologic Setting .......................
G e n e r a l ................... ..
Stratigraphy . . . . .  .............

Sediments .....................
Depositional Environment . . . 
Lava Flows . . .  .............

a. Second Lava..Flow (T"^) . .
b. Third Lava Flow (TV^). . .
c. Fourth Lava Flow (TV^) . .

Surficial Deposits ...........
a. Caprock Surficial Deposits
b. Slope Deposits ..........

Structure . . . . . . .  ...........
Physiography .  ...................

Surface Topography and Drainage 
Slope Topography and Morphology

Geomorphic Processes ...............
General .......................

1
4
6
8
9
9

10
10
13
15
18
25
25
26
26
28
29
33
33
35
36
36

viii



ER -1982

Landslides................................. 37
Field Investigations and Data Analysis 43

Introduction .....................................  43
Structural Contour Mapping (base of TV£) .......... 44

M e t h o d ..................................... 44
a. Level Traverse...........................44
b. Interior Borehole Control .............  45

Results..................................... 47
Hydrologic Investigations ...................  48

General Observations.........................  4 8
a. Seeps and S p r i n g s .......................48
b. Vegetation............................... 53

Behavior of the Water T a b l e ................ 57
a. Introduction............................. 57
b. Borehole Hydrographs ..................  57
c. Water Table Configuration ............ 62

Pumping Tests ...............................  68
a. Introduction.......................... 6 8
b. Field Proc e d u r e .........................68
c. Analysis...............   72

i. Assumptions.....................7 2
ii. Method............................. 72

d. R e s u l t s ................................. 76
Geophysical Investigations ...................  82

Electrical Resistivity ..................... 82

ix



ER-1982

a. Introduction ........................... 82
b. Field Procedure......................... 83
c. Method of A n a l y s i s .....................86
d. Interpretation Problems ..............  88

i. Model Deviations .............. 89
ii. Equivalence..............   89

e. Results........................... .. . 92
i. Determination of Areal Variations

in Permeability................. 92
ii. Evaluation of Conflicting

Borehole Records ............  100
iii. Determination of the Degree of

Saturation of the Underlying
Sedim e n t s .................... 100

Thermal Measurements of Groundwater . . . .  103
a. Introduction...................... 103
b. Field Procedure............ < . . . . . .  105
c. A n a l y s i s .............................. 106

i. Temperature Gradients ........  107
ii. Temperature Drift ............  110

d. Results................................ 112
Data Synthesis and Evaluation........................ 114

Introduction ...................................  114
Flow Net - Mass Balance A n a l y s i s ............ 114

Method................................... 114

x



EF.-1982

Assumptions.................................... 115
Computational Procedures .....................  115
R e s u l t s ........................................ 117
Conclusions.................................... 118

Hydrologic Model Evaluation ........................ 122
Meth o d .......................................... 122
Model Descriptions  123

a. Model I .................................. 12 3
b. Model I I ................................ 12 3
c. Model I I I ..................................124

Results and Conclusions- . * ................. 12 4
Summary, Conclusions and Recommendations .............  12 7

Summary of Hydrologic Conditions .................  127
Conclusions Regarding the Relationship of the

Groundwater System to Landslides ...............  132
Introduction ..................................  132
Characteristics of Heavily Overconsolidated

C l a y s .......................   134
Implications of the Hydrologic Model on

Slope S t a b i l i t y ............................. 136

Appendix A
Stratigraphic Sections, Lithologic Descriptions, 

and General Engineering Characteristics of 
the Denver Formation .......................... 146

Appendix B
Logs and Records of Boreholes....................... 157

xi



ER-198 2

Appendix C
Borehole Hydrographs and Precipitation Record . . .  170 

Appendix D
Drawdown and Recovery Graphs of Pumping Tests . . .  178

Appendix E
Electrical Resistivity Sounding Curves and

Results of Interpretations ...................  19 6
Appendix F

Profiles of Groundwater Temperatures in
Selected Boreholes ............................ 225

R e f e r e n c e s ............................................. 235

ILLUSTRATIONS

Figure 1. Index m a p ................................. 2
2. Topographic map of South Table Mountain . . 3
3. View of stratigraphic exposure of the

Denver Formation, South Table Mountain . 12
4. Geologic map of lava flows (from Ahmad,

1972). .  .................................17
5. Example of blocky jointing in T V £ ........ 18
6. Example of columnar jointing in TV£ . . . .  19
7. View of zone of intense brecciation near

Castle R o c k ...........................20
8. View of brecciated structure exposed

along the northern cliff f a c e s ........21
9. Photograph of core section, borehole 2,

displaying evidence of weathering
between TV2 and T V ^ .................. 23

xii



23

31
31
34

41

41

42

42

46

50

50

51

51

54

56

5 6

60

Photograph of core section, borehole 5, 
displaying zone of weathered, red 
zeolites........................   . . .

View of reverse fault, exposed in a re
entrant along the northern flanks . . .

View of reverse fault near Castle Rock . . .
Map of surface drainage ...................
View of the Rolling Hills Country Club

landslide .............................
Aerial view of landslide topography in 

the vicinity of the Rolling Hills 
Country Club ...........................

View of hummocky topography west of the
Rolling Hills Country Club ............

View of 32nd Avenue landslide south of the 
Coors Brewery complex .................

Map of the perimeter level traverse route
and internal loops .....................

View of spring at base of a debris fan
west of the Rolling Hills Country Club .

View of spring issuing from the caprock
west of the Rolling Hills Country Club .

View of Crystal Spring on the south slope
of the mountain .......................

View of small spring at the eastern
extremity of the mountain ............

False-color IR photo of vegetative cover 
along the north slope, south of 
32nd Avenue ...........................

False-color IR photo of vegetation along the 
north slope paralleling 32nd Avenue . .

False-color IR photo of vegetation west of 
the Rolling Hills Country Club ........

Photograph of extensive cracking in the soil 
cover near borehole SW^ ..............

xiii



ER-1982

27. Map of the water table near borehole Q^. . 64
28. View of groundwater seepage northwest of

borehole 8 ............................ 66
29. Schematic diagram of pumping test com

ponents ..............................  69
30. Graph of water level recovery curves for

different variations of S with time
(from Jacob, 1 9 6 3 ) ....................  80

31. Graph of displacements of residual drawdown
curves resulting from deviations of an 
aquifer from theoretical conditions . . 81

32. Schematic of an electrical resistivity
array using a Wenner configuration . 85

33. Graphs of equivalence for various types of
sounding curves   . 91

34. Graph of porosity versus resistivity from
measurements obtained from 36 cored 
specimens of the lava flows . . . . .  95

35. Graph of resistivity versus bulk permea
bility from results of field investi
gations..................................   99

36. Possible hydrologic models of South Table
Mountain...................................125

A-l. Generalized stratigraphic section, Golden
area, Colorado..........  147

TABLE:1. Thickness of TV2 as determined from drill
hole information........................ 24

2. Comparison of groundwater recession rates . 62
3. Summary of pumping test results............  77
4. Variations in storage coefficient

(drawdown versus recovery) ............ 80
5. Determinations of caprock thickness at

boreholes with conflicting and 
questionable log records ...............  101

6. Average thermal properties of water and
basaltic rock .  ......................... 104

xiv



ER-1982

7. Comparison of thermal gradients and trans-
missibilities for borehole series
1 - 8 .................................... 109

8. Hydrologic model evaluation ...............  126
A-l. Stratigraphic section 1 (NW%, Sec. 31,

T. 3 S. , R. 69 W.) ............. 148
A-2. Stratigraphic section 2 (Rolling Hills

Country Club Landslide) ...................  150
A-3. Stratigraphic section 3 (NW£, Sec. 26,

T. 3 S. , R 69 W.) ................ 151
A-4. Frequency and occurrence of soil and

rock groups between, 5600 and 5700
feet elevation, north side of South
Table Mountain..........................152

A-5. Unified Soil Classification System . . . .  153
E—1. Summary of electrical resistivity

sounding interpretations ..............  216
E-2. Equivalence test results and comparison of

caprock thickness determinations . . . 220

PLATE:1. Location map of drillholes, contact ex
posures, stratigraphic sections, re
sistivity soundings, geographical
features and landmarks ...............  in pocket

2. Map of seeps, springs, and landslides. . . in pocket
3. Structure contour map at base of the

lower lava flow ( l ^ ) ................ in pocket
4. Contour map of the water table

(low level - 8 April, 1 9 7 7 ) ..........in pocket
5. Contour map of the water table

(high level - 25 April, 1977) . . . .  in pocket
6. Contour map of resistivity values . . . .  in pocket
7. Flow net and mass balance analysis . . . .  in pocket
8. Selected cross sections of South Table

Mountain ..............................  in pocket

xv



ER-1982 1

INTRODUCTION
Location

South Table Mountain is located immediately east of 
Golden, Colorado. It encompasses an area of approximately 
5 square miles and lies at the extreme western edge of the 
Colorado Piedmont section of the Great Plains physiographic 
province. To the south it is bounded by the unincorporated 
community of Pleasant View and to the north and east, by the 
communities of Applewood and Lakewood respectively. Indus
trial development is concentrated along its northern boundary 
where the Coors brewery and porcelain complex occupy the Clear 
Creek valley between North and South Table Mountains. Housing 
developments are rapidly encroaching upon the flanks of the 
mountain from all sides.

Figure 1 is an index map showing the general location of 
the study area. Figure 2 is a composite copy of portions of 
the 7.5 minute U.S. Geological Survey topographic maps covering

cthe report area and provides a generalized view of the topo
graphic setting of South Table Mountain with respect to in
dustrial activity, housing developments and major highways and 
access routes to the thesis area.
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Purpose and Scope
The purpose of this study was to investigate the nature 

of occurrence, and manner of distribution and movement of 
groundwater within South Table Mountain. Particular em
phasis is given to examination of the geohydrologic features
associated with the mountain's igneous caprock. Data

\

limitations precluded an in-depth treatment of the hydro
logic features of South Table Mountain's slopes and under
lying sedimentary strata though these are given some con
sideration in the text of the report.

The hydrologic setting of South Table Mountain has not 
yet been the subject of any extensive research, in spite of 
the fact that several earlier investigators, dealing with 
slope failures along the flanks of the mountain, have em
phasized the importance of water in the overall failure process. 
Several of these investigators (Snyder, 1977; Rohwer, 1973; 
et. al.) have recommended that special attention be given to 
slope dewatering as a means of achieving greater stability 
and arresting active landslide movements. Attempts at ar
resting the movement of the 32nd Avenue landslide (see Plate 2) 
south of the Coors Brewery, appear to have met with some 
success through dewatering.
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To accomplish these objectives a number of investigative 
techniques were employed. These included:

1) mapping of the pre lava-flow topographic surface,
2) monitoring the response of the water table to pre

cipitation ,
3) studying caprock thickness variations and aquifer 

properties through resistivity soundings,
j/A) evaluating the hydraulic characteristics of the cap

rock from pumping tests,
examining groundwater flow patterns by periodically 
measuring changes in the temperature of the ground
water, and

6) evaluating the results of a flow net - mass balance 
analysis.

Additional information which assisted in making interpre
tations of the above data was collected from visual examinations 
of:

1) the occurrence of seeps and springs,
2) changes in vegetation patterns,
3) porosity and permeability characteristics as exposed 

in outcrop,
4) morphologic features of landslides, and
5) structural features of the caprock and underlying 

sediments.



ER-1982 6

These diversified approaches provided results which 
were complementary and provided a means of describing the 
hydrologic setting of South Table Mountain.

Previous Work
The geology of the Golden area has been well documented 

by numerous investigators. The literature encompasses a 
broad spectrum of investigations which deal with the Table 
Mountain flows and associated igneous rocks either exclusive
ly or as a part of broader studies dealing with the general 
historical, stratigraphic, and structural development of the 
area. Studies of specialized interest, which are in some 
way related to various aspects of the Table Mountains, have 
also been made and more recently these have included the 
engineering related aspects of geological investigations.
A brief summary of the major contributions will be made here, 
highlighting areas of particular relevance to this study. 
Details will be reserved, as appropriate, for subsequent 
discussions dealing with particular aspects of this study.

The first comprehensive work dealing with the local and 
regional setting was by Emmons, .Eldridge, and Cross 
(1896), United States Geological Survey Monograph 27, 
entitled "The Geology of the Denver Basin in Colorado".
Other earlier investigations of a lesser scope include 
studies by DeConte (1868), Lesquereux (1873), Hayden (1873),
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and Marvine (1874). These studies make mention of the Table 
Mountains in reconnaissance fashion.

Major contributions to our knowledge of the stratigraphy 
and paleontology of the area were made by Knowlton (1930),
Brown (1943), LeRoy(1946) and Reichert (1954). Radioactive age- 
dating was done by Evernden, et. al. (1964). Studies concerned 
principally with the lava flows of the area include those by 
Cross (in Emmons, Eldridge, and Cross, 1896), Vvaldschmidt (1939) 
and Ahmad (1972). Mineralogic and petrologic studies were con
ducted by Cross and Hillebrand (1882), Johnson and Waldschmidt 
(1925) and Ellermeier (1947). Various geophysical investiga
tions include those by Gow (1914), Sonido (1959), Evans (1962), 
and Young (1977).

Geologic maps, including portions of the study area, have 
been published by the United States Geological Survey and these 
include: bedrock geology (VanHorn, 1957; Scott, 1972a) sur
ficial geology (VanHorn, 1972) , engineering geology (Gardner 
et. al., 1971), geologic hazards (Simpson, 1973a, 1973b;
Scott, 1972b, 1972c).

Pertinent hydrologic information, applicable to general 
conditions, is contained in a publication by McConaghy et. al. 
(1964).

Studies of landslides, on the flanks of South Table 
Mountain, have been conducted by Materials and Substructures
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C1973) , Woodwara-Clyde and Associates (1957), and Snyder 
(1977) .

The above is only a brief summary of the numerous valu
able publications available. Those studies cited offer a 
very complete overview of South Table Mountain.

Climate
Golden and its vicinity enjoy a mild and semi-arid 

climate. Temperatures exceeding 90°F during the summer 
seldom persist for any length of time. Winter extremes 
may drop below 0°F but this severe condition does not last 
more than a few days. Summer temperatures average 74°F 
and winter temperatures average 28°F. The average annual 
precipitation in the area is about 15 inches (Baldwin, 1973, 
p. 70), with most of the rainfall occurring in April, May, 
and August and most of the snow in February and March 
(Reichert, 1954). Strong winds from the north are common
place during the fall and spring months and may reach 
velocities approaching 100 miles per hour.

During the study period, precipitation was significantly 
below normal which permitted examination of groundwater con
ditions over a period of time characterized by minimal dis
turbance from seasonal recharge.
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GEOLOGIC SETTING

General
South Table Mountain is composed of late Cretaceous and 

early Paleocene sediments-capped by a sequence of late Paleo- 
cene lava flows, the earliest of which has been dated at 58.7 
m.y. (Everden, et. al., 1964). The flanks of the mountain 
are wholly within the Denver Formation. The base of the Denver 
Formation is placed where an abrupt influx of volcanic-derived 
material occurs. The volcanic material distinguishes the 
Denver Formation lithologically from the underlying Arapahoe Fo 
ation (Reichert, 1954). Some geologists (Brown, 1943 and 
LeRoy, 19 46) prefer other divisions of the combined sequence. 
The underlying Arapahoe Formation, as defined by Reichert and 
mapped by VanHorn (1957), does not outcrop in the report area 
and thus does not figure into any engineering or hydrologic 
related problems associated with this study. Locally, the 
underlying Arapahoe serves as an aquifer producing small 
yields under a degree of artesian pressure (McConaghy, et. al., 
1964) .

South Table Mountain is an excellent example of topogra
phic inversion. Erosion of the poorly-bedded, Denver sedi
mentary section has been checked by the highly resistant lava 
flows capping the mountain. Formerly an area of negative 
relief, it now stands topographically higher than its immedi-
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ate surroundings, rising steeply some 700 feet above Clear 
Creek.

Stratigraphy
Sediments. The Denver Formation, which includes the 

volcanic flows of the Table Mountains, has been estimated
to be between 900 and 1200 feet thick (Weimer, 1974). The

\

exposed section at Green Mountain, 4 miles south of the 
report area, indicates that at least 130 feet of additional 
sediments, belonging to the Denver Formation, were deposited 
subsequent to the lava extrusions (Reichert, 1954). At Green 
Mountain the post-igneous depositional activity is partially 
preserved by the overlying, resistant, Green Mountain Conglom
erate which rests on an erosion surface. Based on a comparison 
of the average elevation of the top of the lava flows to the 
elevation of the upper level erosion surface along the Front 
Range, some investigators have speculated that the post-volcanic 
depositional sequence may have been as great as 1100 feet 
(American Society of Civil Engineers, Colo. Sec., 1954, p.6).

In the study area, the sediments of the Denver Formation 
consist of tuffaceous sandstones, conglomerates, mudstones 
and claystones that are rich in andesite and volcanic-derived 
lithic fragments, mineral grains, or altered minerals. The 
sandstones and conglomerates are, in general, poorly-sorted, 
and contain a large proportion of clay which restricts
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development of intergranular permeability. The Denver Forma
tion is extremely heterogeneous and it is impossible to trace 
a specific lithology any great distance either laterally or 
vertically due to the limited exposures and gradational 
character of the deposits. Lenticular channel sands, which 
are medium to well-sorted and exhibit well-developed cross 
stratification, intersperse and grade into mudstones, clay- 
stones and conglomeratic deposits. Deposition of these 
sediments spanned the Cretaceous-Tertiary boundary which 
has been identified on the basis of paleontological evidence 
(Brown, 194 3). The Cretaceous-Tertiary boundary is placed 
at the base of a thick, light-colored zone (Pleasant View 
Member) on South Table Mountain and can be found at an 
elevation of 5850 feet at its eastern extremity.

Three of the more complete stratigraphic sections were 
measured by LeRoy (194 6) and Snyder (1977). These are re
produced in Appendix A. The locations of these exposures 
are shown on Plate 1. The detailed lithologic descriptions 
readily illustrate the lack of homogeniety associated with 
these deposits. The approximate percentages of claystone, 
sandstone and siltstone were determined by Snyder (1977, 
p. 21) to be 57.4%, 39.0%, and 3.1% respectively, with con
glomerate forming less than 0.5% of the formation. A descrip
tion of the engineering characteristics of these materials is
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included in Appendix A. Figure 

available exposure taken at the

3 is a photograph of the best 

location of Section 1.

Figure 3: One of the most complete exposures
of the Denver Tertiary section. 
Contact lines are drawn showing 
divisions of the unit (TV2 = lower 
lava flow, Tg = Golden Member,
TpV = Pleasant View Member, K^v = 
Cretaceous Denver Formation). Sec
tion shown is located in the SW%, 
NW%, Sec. 31, T3S, R69W. View is 
looking west.

LeRoy (1946) subdivided that part of the Denver Formation 

immediately below the capping lavas into two distinct units 

which are mappable locally. LeRoy designated the upper unit
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the Golden Member. This member has a thickness of approxi
mately 60 feet on South Table Mountain and is predominantly 
tan to brown in color. The lower unit was named the Pleasant 
View Member and is predominantly light gray in color. Its 
thickness averages 113 feet on the Table Mountains. The 
base of the Pleasant View Member is marked by a distinct 
color change from light gray to tan-brown. This change cor
responds to the Cretaceous-Tertiary boundary as defined by 
Brown (1943). There is little lithologic difference be
tween the two Tertiary members and the distinction is prin
cipally one of color.

Depositional Environment. The depositional environment 
of the Denver Formation has been variously described as 
fluvial, pluvial and lacustrine. From a hydrologic point of 
view, the nature of the depositional environment is important, 
for it governs the areal distribution of the porosity and 
permeability and, as such, suggests to the investigator how 
these characteristics might be expected to vary in accordance 
with the ability of the depositional processes to sort and 
size granular materials.

Within the boundaries of the report area, there is suf
ficient reason to believe that the sedimentary depositional 
environment was principally fluvial. Davis (1897) was the 
first to recognize the genetic relationships of the inter
spersed and overlapping strata typical of the Denver Formation,
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attributing them to "......alterations of fluviatile accumu
lation and denudation prompted by changes in grade, climate 
and drainage area".

The exposure of cross-stratified sandstone and conglo
merates represent restricted channel deposits that change 
laterally to channel-margin, over-bank deposits of fine
grained, silty sandstones and mudstones (Weimer, 19 74) .
These products of river aggradation are the result of large 
influxes of material into the drainage basin which exceeded 
the capacity and competency of existing streams and therefore 
their ability to maintain grade. Reworking of floodplain 
accumulations was severely hampered by this overloaded con
dition and resulted in deposits which are generally poorly- 
sorted and lacking in permeability. The haphazard distri
bution of channel deposits throughout the section and their 
restricted thicknesses suggests a general braided character 
in stream development.

The gentle, undulatory nature of the contact between the 
lava-flows and the sediments indicates an aggrading condition 
immediately prior to extrusion of the lavas. No paleotopo- 
graphic features indicative of well-defined channel develop
ment were found in a detailed mapping of the surface. The 
results of this mapping are discussed under the chapter 
dealing with the field investigations.
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Lava Flows. Waldschmidt (1939) was the first investi
gator to map the lava flows of the Table Mountains in detail.
He recognized three distinct flows which he called Basalt 
Flow 1 (the oldest), Basalt Flow 2 and Basalt Flow 3 (the 
youngest). Only the upper two flows, as defined by 
Waldschmidt, are found on South Table Mountain. The oldest 
flow occurs only on North Table Mountain where it appears to 
have filled ancient channel depressions. This flow is over- 
lain by approximately 100 feet of tuffaceous sediments 
(Ahmad, 1972). The stratigraphic horizon in which this 
oldest flow occurs appears to be located near the boundary 
corresponding with the Tertiary division of the Denver 
Formation made by LeRoy (194 6) on South Table Mountain, where 
he distinguished the upper Golden Member from the underlying 
Pleasant View Member principally on the basis of color. Perhaps 
the volcanic activity associated with this oldest flow is some
how related to the color variations between these two members.

Ahmad (1972) subdivided the upper portion of Waldschmidt's 
third flow (TV3) on South Table Mountain and assigned its ongi] 
to a separate flow episode (TV4). The distinction was made 
on the basis of the ubiquitous occurrence of platy joints, 
the pattern of which contrasted with the upper brecciated 
surface of the lava below, which he designated as the 
upper section of TV^* Ahmad also subdivided the newly
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described third lava flow into two separate mappable units 
(TVsa and ^ 3 )̂ on the basis of jointing characteristics;
the lower part of the flow "......being massive with blocky
jointing and the upper part, granular with nearly horizontal 
platy joints".

Whether or not these units are genetically divisable as 
envisioned by Ahmad is still conjectural, however his desig
nation is of some value in explaining the rapid response of 
the water table to recharge events where remnants of TV4 are 
present. Figure 4 is a map of the flows as delineated by 
Ahmad and as used in this report.

The lithology of the capping lava-flows has been de
scribed as a basalt (Waldschmidt, 1939), a mafic latite 
(Ahmad, 1972; VanHorn, 1957) and a shoshonite (Scott, 1972a). 
There is, in general, little compositional difference between 
the rocks comprising each of the flows, and perhaps the only 
significant difference is in the development of phenocrysts 
and concentrations of zeolites. Compositionally the rock is 
composed of a very fine-grained to aphanitic groundmass of 
plagioclase feldspar (andesine-labradorite), potassic feld
spar (sanidine), augite and olivine, with accessory apatite, 
biotite and magnetite. Phenocrysts of plagioclase feldspar 
and augite are conspicuous locally (Robinson, 1972).
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On South Table Mountain the thickness of the combined 

sequence of flows varies from 170 feet in the northern and 

western areas to less than 25 feet in the eastern third 

where only a portion of the lower flow (TV2) remains.

a. Second Lava Flow (TV2)« The second lava flow was

extruded as a more or less continuous sheet covering 

all of South Table Mountain. In the western two-thirds of 

the report area, TV2 is overlain by flows TV3 and TV4. 
Typically, the lower two-thirds of the second flow is 

massive with well-developed blocky or columnar jointing 

(Figures 5 and 6). The upper third is vesicular.

Figure 5: Example of blocky-jointing pattern
developed within the lower two-thirds 
of TV2. Photograph is at Crystal Spring.
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Figure 6: Example of well-developed columnar
jointing in TV2. View is near the 
location of measured stratigraphic 
section 2 (Plate 1).

The contact between flows two and three is generally
(

marked by a distinctive bench or break in the cliffs around 

the mountain though this is not always the case. Near 

Castle Rock/ an isolated promontory rising above Golden, and 

along a portion of the northern cliff faces (NE%, S V l h , Sec. 26) 
a confused mixture of porous and compact rock resembling a 
breccia-like structure obscures the normal contact relation

ships (Figures 7 and 8). Cross (1896) described these zones 
as arms or tongues of the main lava-flow and suggested that
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"......the present exposures give profiles across or parallel

to these arms". From the photographs it is easy to see that 

porosity and permeability associated with these brecciated 

zones may be many orders of magnitude greater than that 

associated with the blocky and columnar jointing systems.

Figure 7: View of zone of intense brecciation
exposed along the southern face of 
Castle Rock.
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Figure 8: Brecciated structure exposed along
the northern cliff faces of South 
Table Mountain. The white deposit 
is caliche precipitated from a 
small perennial spring issuing 
from within the caprock.

The thickness of TV^ is variable, ranging from a maximum 

of 95 feet where protected to less than 10^feet where exposed 

to erosion. Eight boreholes, (borehole series 1 thru 8; Plate 1) 
reported to have penetrated to the base of the caprock in the 

western section of the mountain, provide some indication of the 

original thickness variations within TV^. None of these 

eight drill holes encountered intercalated sediments, indi

cating that erosional thinning of the second flow, where
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preserved beneath subsequent flows, has been minimal.
From observations made by the project geologists during 

the drilling of these eight boreholes and from personal 
examination of the available cores, a division between flows 
TV2 and TV3 was made based on one of the following two 
criteria:

1) the first appearance of weathered latite below 
the presently active zone of weathering 
(Figure 9), and

2) the first appearance of a pronounced zone of 
reddish coloration, the result of weathering 
of red zeolites which are typically associated 
with the surface of the second flow (Cross, 1896) 
(Figure 10).

Evidence that there was, in fact, a period of erosion 
between outpourings of the second and third lava-flows is 
exposed above the quarry road on the western edge of North 
Table Mountain where an erosional channel within TV2 is 
filled in by basaltic and andesitic conglomerates. This 
channel is 8 to 10 feet deep and 25 to 35 feet wide. This 
is the only evidence of sediment deposition between these 
two flows-r^ and, given the high degree of exposure of this

1/ There is a remote possibility that boreholes NE]_ and 
and NW2 may have encountered intercalated sediments. 
See Appendix B for details.



Figure 9: Core section from borehole 2
displaying zone of weathering 
between flows TV2 and TV3 at 
a depth of approximately 75ft.

50-cc,

Figure 10: Core section from borehole 5
displaying zone of weathered 
red zeolites (reddish color
ation at 52 feet) mixed with 
carbonaceous material.
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contact offered by the cliff faces, this erosional channel is 
believed to be of limited extent and of only local significance.

Presuming that only a limited time span is represented by 
this break or hiatus between flows two and three, then an idea 
of the original thickness of the second flow can be ascertained 
and interpreted as mirroring the pre lava-flow topography. 
Caution must be exercised in attempting to extend this 
analysis for any great distance, for certainly progressive 
thinning of the flow can be attributed to distance from the 
source as well as to topographic irregularities. Table 1 
summarizes the thickness variations observed.

Table 1
Thickness of TV2 as Determined 

from Drillhole Information

Total Thickness Thickness of
Drillhole of Lava Flows Second Lava Flow

(feet) (feet)
(16>> (40)
170 95
145 55
94+ 60+

100 50
178 88
174 45

8 144 40
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Considerable thickening of TV2 occurs at boreholes 2 
and 6. Thickening also occurs in a general southerly direc
tion where the flow should have thinned if the source was to 
the north as proposed by numerous investigators. This thick
ening suggests the presence of subsurface depressions devel
oped on the underlying sedimentary surface prior to volcanic 
activity. However, this does not preclude the possibility 
that the origin of this thickening might be from multiple 
lava sources or syndepositional structural adjustments 
(i.e. faulting).

b. Third Lava Flow (TV3). This flow is located only in 
the western two-thirds of South Table Mountain. It

displays a blocky jointing pattern in the lower part and 
nearly horizontal, platy joints in the upper part. The 
upper surface displays a rough, granular texture producing 
loose weathering concretions (Ahmad, 1972).

The topography of the western two-thirds of South Table 
Mountain is developed on this flow.

c. Fourth Lava Flow (TV4). This flow, as mapped by 
Ahmad (1972), occurs only along the most northerly

part of the mountain at topographically high places. The 
character of jointing is distinctly subhorizontal and platy. 
Its delineation is useful in explaining the large and rapid



ER-1982 26

responses of the water table to precipitation. The system 
of subhorizontal joints provides an effective interflow 
mechanism which conducts surface water across vertical 
fractures and joints and thence to the water table. The 
thickness of this flow varies from 5 to 15 feet (Appendix B).

Surficial Deposits.
a. Caprock Surficial Deposits. The caprock of South 

Table Mountain is overlain by a thin veneer of 
transported and residual soil deposits. The thickness of 
these recent unconsolidated materials varies from 0 feet, 
where bare rock is exposed, to as much as 5 feet in gullies1 
and depressions. The average thickness is from 1 to Ih. feet.

Gardner, et. al., (1971) classified these dark grey to
black soil deposits as a clayey sand exhibiting moderate 
permeability, infiltration and runoff characteristics. Erodi- 
bility is moderate to low. A high degree of cohesiveness, 
as evidenced by the formation of steep-banked gullies, is 
associated with these deposits. When wet, these deposits are 
virtually impassable to motorized traffic. The cover dis
plays extensive swelling and shrinking properties in response 
to alternate wetting and drying. Severe cracking is common 
following periods of prolonged moisture depletion. Displaced 
rock masses on the gentle slopes of the surface and a 
'washboard' microtopography indicate that the soil is also 
susceptible to frost heaving and creep.
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A second aspect of the surficial regolith is the accumu- 
i lation of in-place weathered bedrock. Boreholes indicate a
1 i\jdepth of weathering in excess of 5 feet with significant 
accumulations of calcium carbonate partially filling joints 
and fractures and coating small rock fragments.

Waldschmidt (1939, p. 44) observed a small shale deposit 
southeast of Castle Rock. He trenched this deposit and con
cluded that it appeared to be situated in a local depression 
resting on the lower lava flow, TV2, and abuting against TV3 . 
Pelecypodal fragments and calcium carbonate nodules, exhibit
ing an algal structure, led him to conclude that the deposit 
was of lacustrine origin. The age of this deposit is unknown.

The author observed a small exposure of a tan to buff,
1
I very fine-grained, well-sorted tuffaceous sandstone just west
I '....... .......of borehole C. The outcrop is of limited extent and was 
uncovered as a result of earthmoving operations at that 
location. The exact stratigraphic relationship of this 
sandstone to the lava flows is unclear. The sandstone is 
located in an area where the caprock is badly decomposed.
The deposit may bear the same time-stratigraphic relation
ship to the flows as the shale deposit uncovered by 
Waldschmidt; however, the possibility that it represents 
an intercalated deposit cannot be ruled out.
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b. Slope Deposits. Surficial deposits on the slopes
of South Table Mountain are highly variable in com

position and thickness. These deposits comprise mixtures of 
clayey sand (washed down from above), colluvial accumulations 
of weathered and unweathered mafic latite, the weathered 
products of the underlying sedimentary bedrock, and minor 
aeolian accumulations of silt and clay-sizTe materials. The 
material has been classified as a bouldery, sand, silt, and 
clay (Gardner, et. al., 1971).

Accumulations of these colluvial deposits are thickest 
along the northern^slopes. Along the southern slopes, signi
ficant accumulations are restricted to the slopes of the 
deeply eroded reentrants and to the base of the slopes 
flanking the mountain. Between reentrants, the surficial 
cover is generally never greater than a few inches. Along 
the western slopes, thicknesses are highly variable, but
there is a general similarity to the distributions observed

(along the southern slopes. Data from holes drilled in the 
32nd Avenue Landslide near the Coors Brewery (Plate 1), 
indicate that surficial accumulations are on the order of 
2 to 5 feet thick above the Welch Ditch, thickening rapidly 
towards Clear Creek, where colluvial deposits intermingle 
and grade laterally into the earlier alluvial deposits of that 
stream. Intact "blue" clay shale was found to underlie the 
clayey, colluvial slope forming materials (Rohwer, Materials 
and Substructures, 1973).



ER-1982 29

These deposits are described by Gardner, et. al., as 
having slow to moderate infiltration, rapid runoff, moderate 
erodibility (except where subjected to gully washes and stream 
scour), and low to moderate permeability.

Accumulations of calcium carbonate are found at the base 
of these unconsolidated deposits. These accumulations fill 
joints and fractures in the underlying sedimentary bedrock 

( and coat pebbles and cobbles within the unconsolidated deposits. 
/ The presence of calcium carbonate precipitates suggests the

percolation and movement of groundwater along the interface
[ between the consolidated and unconsolidated materials. 

Structure
The sedimentary strata of South Table Mountain dip from 

4° to 6° W on the mountain's east side and from 8° to 28° E 
on its west side. Within the amphitheater (an erosional 
feature) at the easternmost extremity of the mountain, a 
reversal in dip direction, from westerly, as seen in outcrop 
along the steep flanks, to easterly occurs. The dips of 
these strata were determined from plane table measurements 
on selected horizons (three-point problem analysis). The 
strata at this location dip from 5° to 8° in a southeasterly 
direction. At the head of the Rolling Hills Country Club 
Landslide, gentle easterly dips of from 2° to 3° can be seen
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in the exposure of the strata beneath the quarry floor. The 
gentle reversals in dip direction indicate that the sedimen
tary strata are deformed into a series of gently anticlinal 
and synclinal forms.

Faulting can be seen at two locations and inferred at a 
third. The fault trend is N to NE. Faulting appears to have 
occurred subsequent to extrusion of the capping lavas. In 
all cases where faulting is exposed, the overlying caprock 
was affected. All these faults are reverse faults.

The largest fault displacement (Figure 11) occurs along 
an east-dipping reverse fault at about the middle of the 
northernmost flank of the mountain (NE%, SW%, Sec. 26). The 
fault has a throw of 60 feet and a heave of 40 feet (VanHorn, 
1957) .

Another small fault occurs south and slightly east of 
Castle Rock (SW%, SE% , Sec. 27) (Figure 12). It is a west- 
dipping reverse fault with only minor displacement. The 
fault plane can be traced upward through the overlying caprock.

Curiously, both of these faults are associated with zones 
of intense brecciation (which may be pre-fault features) with
in TV2 described previously. In both cases of faulting, 
warping of the underlying sedimentary beds is apparent, resulting 
in steep dips locally.
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Figure 11: East-dipping reverse fault located
in a deeply eroded reentrant along 
the northern flank of South Table 
Mountain (NE%, SW^, Sec. 26). 
Dashed line indicates the trace of 
the fault plane.

Figure 12: Reverse fault located south and
slightly east of Castle Rock 
(SŴ s, SE%, Sec. 27). Dashed 
line indicates the trace of the 
fault plane.
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Warping of the underlying strata suggests the presence 
of faulting near Crystal Spring (NEfc, SW^, Sec. 35) on the 
southern flank of the mountain. The fault plane is covered 
with debris at this location and actual displacements are 
not observable. The sense of movement and the trend of the 
fault is difficult to ascertain, though the channel immedi
ately above, on the surface of the mountain, may be fault- 
controlled and suggests a northerly fault trend. The dip 
of the underlying strata, on the west side of this possible 
fault, steepens abruptly towards the east, suggesting, by 
analogy with the major fault along the northern flank, i.e. that 
this fault may also be an east-dipping reverse fault.

A seismic reflection investigation was conducted across 
the northern portion of South Table Mountain in 19 76 (Young, 
1977), and another fault, approximately 900 feet east of the 
major east-dipping reverse fault (NE%, SW^, Sec. 26), was 
mapped. Whether this fault affected the Denver Formation 
and its associated flows is conjectural, as the shallow 
seismic record is poor and incomplete. Young concluded 
that this was a basement-controlled, vertical fault extending 
up through the Pierre Shale Formation, but does not penetrate 
the Denver Formation.

In all cases where faulting was observed, seeps and 
springs, issuing from within the caprock, were found in 
close proximity.
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Physiography
Surface Topography and Drainage. From its eastern 

extremity to approximately 1 mile west, the surface of the 
South Table Mountain is persistently flat except for slight 
and very local irregularities. The slope of this surface is 
from north to south with a maximum relief of 60 feet.

West of this flat area, the topography is rolling and 
undulating, sloping from northwest to east-southeast. The 
highest point (elevation = 6 330 feet) on South Table Mountain 
is located on a knoll northeast of Castle Rock. The maximum 
relief in the western area is about 280 feet.

Runoff from the surface of the mountain occurs both in 
the form of sheetflow and channelized flow. Sheetflov; is pre
dominant along a narrow band surrounding the perimeter of 
the mountain. Inside this boundary, surface runoff is 
channeled into gullies which discharge into the steeply eroded 
ravines dissecting the mountain's flanks. Drainages in the 
western area of the mountain are better defined and more 
completely integrated than those in the eastern area.
Figure 13 illustrates the boundaries of the individual 
drainages.

The map indicates that most of the surface runoff is 
discharged into four major reentrants along the mountain's 
southern flanks. A significant amount of runoff is also



ER-1982 34

CO

•H

■ H

TJ
© 1
-P 0
© p

x: © a
-P c
3  -H —
0  «—• *H
OJ © r-*

'O ON •
G «—4 ©
0  © ^  o

p  ©
to © a  *w
© £  x: p

-h a , 3
p  to © to
© © p

TJ © Dn ©
G P O X3
3  © -p  -p
0  0

J3 © x: «p
DN CU O

© ©
C P C H  ©© -H © O'Q C © -H ©o •H P P Po © Q © ©* p  © >

*0 0
<N • 0• • © G OfH U -H 0

© © >i ©
P  +) ©  p

© P G 3  ©
rH 3  3  -P -P
<0 © 0  00 00
u £
w

Map
 

of
 

Ta
bl

e 
fro

m 
a 

vi
di

ng

ro
©
P
3tx»•H
Cm

co
• H0-1©c
• H
•■H'J0) mQ

cy>U f—i•M0-1<UGoo©s



ER-1982 35

discharged into an east-flowing drainage, paralleling the 
east-west section line, near the middle of the mountain.

The overall drainage pattern is approximately radial.
The location and orientation of two of the better developed 
drainages and more deeply incised reentrants appear to be 
strongly influenced by the presence of faulting.

An east-west trending fault (Plate 3) may have been 
influential in the development of the major east flowing 
drainage near the center section of the mountain. There is 
no visual evidence to directly support the existence of such 
a fault; however, the results of resistivity measurements 
indicate the presence of an east-west zone of low resistivity 
within the caprock (Plate 6) which is sub-parallel to the 
trend of this drainage.

Slope Topography and Morphology. The slopes flanking the 
mountain are 400 to 500 feet high along the western flanks 
and along portions of the northern flanks. Slope heights 
decrease to 250 feet along the eastern side and average 120 
feet along the southern side. Slopes are steep and range 
from average maximums of 30° along the western and northern 
flanks to 15° along the southern boundaries.

Landslides and rockfall accumulations give rise to a 
very irregular surface characterized by discontinuous rolling 
benches, arcuate morphologic features, lobate forms, subtle 
lineations, steep scarps, isolated knolls, and alternating
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concave and convex slopes. Deeply eroded reentrants rise 
abruptly at the base of the lava cliffs.

Geomorphic Processes
General. The geomorphic processes operative on South 

Table Mountain are primarily destructive and are dominated 
by physical weathering and mass wasting. The present erosive 
cycle, responsible for valley deepening, began in the west at 
about the turn of the century (Scott, 1965) and is the result 
of wetter climatic conditions. Previous episodes of down- 
cutting occurred about 1500, 5800, and 10,000 years ago. 
Perhaps these episodes, especially the younger ones, date 
many of the more distinct erosional features seen today, 
both on the mountain's surface and along its flanks.

Along the slopes and steep cliff faces surrounding 
the mountain, rockfall, landsliding, soil creep, small scale 
solifluction, and erosion by runoff describe the various 
processes of slope destruction. Frost heaving and related 
erosive processes are more active along the northern slopes, 
where the surficial cover freezes to depths of a few feet and 
remains frozen over much of the late fall and winter months. 
Portions of the upper slopes along this exposure remain 
completely within the shadows of the nearby cliffs for many 
months of the year.
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Extensive accumulations of rockfall debris, especially 
along the northern slopes, serve as slope protection against 
the erosive forces of running water and wind in much the same 
way as rip-rap is used to protect the slopes of earth embank
ments. As a result of this veneering effect, the northern
slopes are considerably steeper than those along the southern

\

face and may be considered to be naturally over-steepened.
Landslides. By far the most destructive process, in 

terms of bulk volume is landsliding. Though none have been 
exceptionally serious in terms of life or sudden loss of 
property, numerous small landslides have been a constant 
nuisance to local developers, homeowners, industry, and the 
highway department.

Snyder (1977) has described in detail the nature of 
landslide occurrences along a portion of the northern flanks 
in the vicinity of the Rolling Hills Country Club. A brief 
summary of his major findings is included here; for a more 
detailed treatment the reader is referred to his work.

Snyder recognized and described two types of landslide 
failures in his study area:

1) failures in overconsolidated materials - 
weathered sedimentary bedrock, and

2) failures in unconsolidated materials - 
surficial deposits.
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In the first category, failure is the result of a gradual, 
time-dependent reduction in shear strength. The sedimentary 
section of the Denver Formation represents an overconsolidated, 
stiff-fissured clayey deposit exhibiting brittle behavior. 
Compression, under loads greater than those present today, 
resulted in rearrangement of mineral grains, denser packing, 
expulsion of pore water, and the formation of intergranular 
molecular bonds. Loss in shear strength is principally the 
result of the breaking of these intergranular bonds, which 
in turn is a result of expansion in response to removal of 
the confining loads. This behavior represents an elastic 
response involving recoverable strain energy.

As expansion occurs, void ratios and moisture contents 
of the expansive clays increase, resulting in an additional 
reduction in shear strength.

In the process of expanding (straining), the shear 
strengths of the overconsolidated materials pass from peak 
to residual values which may be only a small fraction of 
the original shear strength.

The shear resistance of the material is also a function 
of the effective normal stress acting on the slope. Reduc
tions in the effective normal stress occur as a result of in
creases in neutral stress (pore pressure) and/or as a result of 
removal of lateral and/or vertical restraint. In either case,
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frictional resistance is adversely affected, and propagation 
of a failure surface is accelerated. Commonly, removal of 
lateral restraint and overburden pressures takes place at 
the toe of a slope as a result of man's or nature's activity. 
When this occurs, downslope movement and propagation of the 
failure plane is vastly accelerated. Normally, rates of
failure surface propagation are "..... very slow taking
years or centuries for the failure surface to develop" 
(Snyder, 1977, p. 95).

Snyder was unable to confirm the existence of a partic
ular stratum or set of strata as being responsible for land- 
sliding at the Rolling Hills Country Club. The immediate 
cause of reactivation of this ancient landslide can be 
attributed to removal of support at the toe of the slope 
during construction of the facility. However, water was 
found to be an important accelerating mechanism because it:

1) increases the neutral stress resulting in a 
decrease in the normal effective stress and 
frictional resistance,

2) lubricates the layered-lattice materials, 
decreasing their angle of internal friction, and

3) increases the lateral stresses acting against the 
face of the slope.
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Smaller landslides occur in the surficial slope-material 
and form the second category of landslides. These are caused
by "......a reduction in shear strength and an increase in
shear stress on a local and short term basis mostly due to / 
an increase in water content." (Snyder, 1977, p. 103).-^ 
Typically these shallow surficial slides ^display a "cat’s paw 
or "curve" slide morphology and are located where excavations 
have removed downslope lateral support.

Examples of landslides, belonging to each of the two 
categories described, are shown in Figures 14, 15, 16, and 
17. Plate 2 is a map of some of the more prominent land
slides found along the slopes of South Table Mountain.
These have been compiled from maps prepared by Gardner, 19 71; 
Scott, 1972; VanHorn, 1972; Simpson 1973a; Snyder, 1977; an 
investigation by Materials and Substructures (1973, unpub
lished) and the author's own personal observations.

Although Snyder has expended a great deal of effort in
L

describing the nature of landslide occurrences within a 
relatively restricted area of the mountain, the author 
believes that these failures are typical and representative 
of the nature of landslide failures elsewhere along the 
slopes of the South Table Mountain.; irrespective of whether 
they are caused by natural oversteepening processes (erosion 
by Clear Creek) or by man-made modifications.
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Figure 14: View of the Rolling Hills Country
Club landslide after remedial 
grading operations (1969). A 
small spring was uncovered during 
the excavation and can be seen in 
the upper left of the photograph 
(photo courtesy of Linden Snyder).

Figure 15: Aerial view of the topography near the
Rolling Hills Country Club. The 
arcuate lobate features and the 
series of benches indicate land
slide activity and unstable slope 
conditions (photo courtesy of Linden 
Snyder).
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Figure 16: View of hummocky topography west
of the Rolling Hills Country Club. 
This topography is typical of the 
morpholigic features associated

above the Coors Brewery complex.
Three drainage galleries drained in 
excess of 4,000 gallons of water per 
day from the slide mass in March 1973 
(Materials and Substructures, 1973). 
Many small slides can be seen along 
the Welch Ditch cut.
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FIELD INVESTIGATIONS AND DATA ANALYSIS 

Introduction
In this section, the field investigations undertaken and 

the data reduction techniques employed are described, The order 
of presentation has been arranged to introduce the subject mat
ter according to its level of dependence upon the results of 
other work. Data reduction and analysis becomes progressively 
more dependent on the results of earlier described investigations. 
In general, this approach approximates the historical order in 
which the data were actually collected in the field. For re
duction and analysis purposes it was not always possible to 
maintain the integrity of a given set of field measurements 
without having to rely on the existence of previously acquired 
information to aid in their interpretation. For example, it 
would not have been possible to reduce the resistivity data to 
a meaningful level without recourse to the information obtained 
from structural contour mapping and the hydrological investi
gations .

Not all the data can be treated in the same manner; some 
are qualitative and others are quantitative. Where applicable, 
the data have been reduced and compiled into maps, tables, and 
graphs. Raw data, essentially in the form of graphs, are in
cluded in the appendices. Assumptions, problems encountered in 
data reduction, and analytical procedures are described, and
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the background theory is presented.

Structural Contour Mapping (base of TV.J
A structural contour map of the paleo-topographic surface 

preserved beneath the lower lava flow (Plate 3) was prepared 
to determine if the configuration of this surface might 
offer some insight into the nature of the regional groundwater 
flow pattern and the localized occurrence of seeps and springs.

Method. Elevations on this paleo-surface were deter
mined from borehole information (Plate 1, Appendix B) and 
from measurements of exposures of the lava-sedimentary contact 
around the perimeter of the mountain. Electrical resistivity 
soundings across the surface of the mountain provided addi
tional information where borehole detail was unavailable and 
provided an independent assessment of the caprock's thickness 
at those boreholes lacking accurate, unequivocal logs or cores 
for personal examination. As such, depths to the contact 
determined from resistivity soundings were not utilized in the 
preparation of the structural contour map. More details on the 
resistivity procedure are available in the section entitled 
"Geophysical Investigations".

a. Level Traverse. A level traverse, employing a Dumpy 
level and a Philadelphia rod (.01-ft graduations), was conducted 
around the perimeter of the mountain. Elevations at more than
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100 exposures of the contact were obtained. A temporary 
benchmark (elevation = 6038.7 ft.) in the floor of the 
abandoned quarry at the head of the Rolling Hills Country 
Club Landslide was selected as the base station for this 
survey (see Plate 1). This temporary benchmark was originally 
established by Snyder during his study of the Rolling Hills 
Country Club landslide. Horizontal control and map location 
were maintained with a recent black and white aerial photo
graph (October, 1976) , enlarged to a scale of 1" = 600 ft.
This photograph was not corrected for distortion; however, 
the study area is located within the central portion of the 
frame used, limiting the amount of distortion involved.

The traverse was conducted in a number of independent 
loops and interior legs (Figure 18). The maximum vertical 
error in closure was measured at. 2.20 feet, sufficient for 
the purposes of this study.

b. Interior Borehole Control. Elevations of the contact, 
within the interior of the mountain, were determined from 13 
boreholes reported to have penetrated the entire thickness of 
the caprock (Appendix B, Plate 1). The recorded postions of 
all but two of the boreholes (NW2, SE4) were checked in the 
field.

The approximate location of the NW2 was determined from 
evidence of prior drilling activity (i.e. remnants of a 
small drilling mud-pit were found). The location of SE^
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was determined from map records which proved accurate in 
locating the positions of NE^, SW^ and the approximate 
location of NW2 in the field. There are some problems in 
interpreting the driller's records of these holes, and addi
tional confusion exists where a follow-up report of the 
drilling activity records depths penetrated greater than 
those reported by the drillers (Appendix B).

Borehole No. 4 may not have penetrated the full thick
ness of the caprock. There was no evidence of tuffaceous 
sediments and/or highly decomposed rock typical of the con
tact observed in the other cores of borehole series 1 through 
8. The geologist's log of borehole 4 does not indicate having 
penetrated the contact.

Results of the electrical resistivity soundings were used 
to interpret the incomplete and conflicting data, and provided 
reasonable estimates of the caprock's thickness at those 
locations where depths were assumed known.

The elevations of the tops of all the boreholes were 
determined by levelling in order to establish contact eleva
tions within the interior portion of the mountain.

Results. The structure contour map indicates that the 
surface over which the lower lava (TV2) flowed was generally 
uniform in slope across the eastern portion (dipping approxi
mately 1.4°E) and extreme western portion (dipping approxi
mately 2.2°E) of the mountain. A large depressional feature
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and a subsurface high occurs across the middle, western 
section of the mountain. Local depressions occur in the 
vicinity of many of the major reentrants. In some cases, 
because of faulting, the original surface configuration has 
been somewhat altered. The location of the major depression 
shown on the structural contour map confirms earlier reported 
thickening of TV2 at that location. This depression may be 
fault controlled.

Seeps and springs, issuing from within the caprock and 
at or near its base, were noted to be coincident with both 
major and minor subsurface depressions.

The regional groundwater flow system appears to follow 
the general trend of the subsurface topography, i.e. from west 
to east-southeast, with caprock drainage occurring in the 
vicinity of depressional features.

Hydrologic Investigations
General Observations.

4,
a. Seeps and Springs. Groundwater discharges were

found to occur directly from the caprock and near its 
base, from within the underlying sediments, and from the sur
ficial slope deposits. Evidence of their occurrence is indicated 
by the presence of:

1) flowing water,
2) accumulations of calcium carbonate precipitates,
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3) moist ground during dry periods,
4) dense vegetative undergrowth, and
5) green vegetation during the winter months.

The locations of those seeps and springs observed are 
shown on Plate 2. Figures 8 (p. 21), 14 (p. 41), and Figures 
19 through 2 2 show some of the major seeps and springs and 
the features associated with each.

Seepage from within the colluvial and sedimentary slope- 
forming materials flanking the mountain was found to be most 
prevalent along the northern and western slopes; with restricted, 
isolated occurrences along the southern slopes. Slope exposure 
may be one of the dominant factors involved in controlling depths 
to the water table along the slopes.

As mentioned previously, discharges from the caprock 
appear to be directly influenced by the presence of subsurface 
topographic lows. Where these lows are covered with surficial 
debris, discharges in the form of seeps or springs were ob
served to occur further downslope near the approximate elevation 
of the contact.

Groundwater discharges from the sedimentary section 
were observed to occur from open fractures and joints in the 
stiff-fissured clayey deposits. In most cases, discharges 
of this type are restricted to the steeper slopes, where the
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Figure 19: View of a major, perennial spring west
of the Rolling Hills Country Club (NW%,
NW%, Sec. 36). Spring discharges at the 
base of a debris, fan. The lava-sedimentary 
contact is covered. Discharge is believed 
to be related to a subsurface, paleo-topo- 
graphic low at this location.

Figure 20: View of a spring issuing from the caprock
at the head of the reentrant west of the 
Rolling Hills Country Club (NEfc, NEfc,
Sec. 35). Trees indicate presence of 
abundant water supplies.
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Figure 21: View of Crystal Spring on the south
slope of the mountain (NE%, SWfc,
Sec. 35). Extensive caliche deposits 
can be seen higher up on the cliff 
faces near the head of the reentrant.
No groundwater discharges were observed 
at the higher level during the course 
of the study.

Figure 22: View of a small spring at the eastern
extremity of the mountain (SW^, NW%,
Sec. 31). Spring issues from within 
the highly fractured and jointed, clayey 
sediments.
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position of the water table would tend to be closer to the 
surface of the slope. The depth to the water table along the 
mountain's flanks is, in-part, controlled by the position of 
the water table within the caprock, its relationship to the 
cliff faces, and by the steepness of the adjoining slopes.

No groundwater was seen issuing from the sandstone and 
conglomeratic lenses within the Denver Formation. The presence 
of extensive fracturing and jointing appears to be an important 
condition for inducing drainage from within the underlying 
sediments. Evidently, these secondary permeability features 
are not as well developed within the sandstones and conglom
erates as they are in the stiff-fissured clays.

Slope exposure appears to be another important factor in 
fixing the depths of the water table along the mountain's 
slopes. This, in-part, offers some explanation for the 
greater number of seeps and springs seen along the northern 
slopes in comparison to the southern slopes. Groundwater 
evaporation from the south-facing slopes assists in suppressing 
the water-table well below the surface. Whereas, along the 
northern slopes, evaporation is severely restricted during 
the fall and winter months of the year, thereby allowing the 
water table to recover from vegetative withdrawals during 
the spring and summer months. The effects of slope exposure 
are well displayed by the variations in intensity and distri
bution of vegetation along the mountain's flanks.
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Measurements in holes drilled within the 32nd Avenue 
landslide, place the depth to the water table in the vicinity 
of the Welch Ditch at approximately 15 feet in March, 1973 
(Materials and Substructures, 1973).

b. Vegetation. Vegetation is a sensitive indicator of
shallow groundwater conditions on the slopes of South 

Table Mountain, and variations in density, growth, character, 
and type of vegetation provide some indication of the position 
of the water table and concentrations of groundwater flow.

The vegetation on top of South Table Mountain consists 
principally of grasses, yucca plants, small cacti, fringed 
sage and small scrub bushes. A few small trees, principally 
cottonwoods, are found on the south side of the mountain near 
the entrance to the South Table Mountain Gun Club off of 
Quaker street; between the abandoned quarry pit, occupied 
by Gardner Denver, Inc., and the Gun Club; south and north of 
the Gardner Denver pit; and in the vicinity of the reentrant 
where the major east-dipping reverse fault is located.

The character and sparsity of vegetation on the mountain's 
surface is typical of arid conditions and also reflects a lack 
of suitable soil cover, rapid runoff conditions, and rapid 
drainage of soil moisture into the underlying caprock.

Along the northern slopes of the mountain, vegetative 
growth is extremely dense (Figure 23), and it is virtually
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impossible to traverse these slopes during the spring and 
summer months. Along the southern and western slopes, heavy 
vegetative cover is restricted to the vicinity of the reen
trants; where the slopes are closer to the water bearing 
horizon within the sediments, and are also in a position 
to periodically receive copious supplies of runoff water. 
Wherever seeps and springs occur, growth is extremely dense 
and many varieties of vegetation make use of the easily 
accessible water supplies.

:§ o.r̂ m P

Figure 23: False-color IR photo of the north slope
paralleling 32nd Avenue. Vegetative 
cover is very dense. A distinct linear 
feature, at the base of the cliffs and 
paralleling these for some distance 
can be seen. The contact is not 
exposed along this face. This linea- 
tion suggests the approximate location 
of the contact.
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The most common plant along the slopes is mountain 
mahogany. Undergrowth consists of fringed sage, chokecherry, 
and various varieties of western grasses. Junipers were found 
at scattered localities. Cottonwoods were found to occur in 
association with obvious groundwater discharges and are 
scattered along the banks of the Welch Ditch. Cattails were 
also seen associated with many of the Springs and seeps. Mint 
was found growing at the base of the cliffs at Crystal Spring.

False color, infrared photographs of the mountain's flanks 
were taken to aid in the identification of possible seeps by 
noting the effect of the availability of moisture on the re
flectance properties of the vegetation. Figures 24 and 25 are 
false color, near-infrared renditions of a portion of the 
northern slopes taken in May 1977. The brighter hues of red 
are indicative of the presence of a greater availability of 
water, and contrast markedly to the lighter, more subdued tones 
where water is less abundant.
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Figure 24: False-color IR photo of a portion
of the northern slope south of 
the Coors brewery and porcelain 
complex. A spring discharges near 
the base of the caprock at the head 
of the reentrant.

Figure 25: False-color IR photo of slopes west
and south of the Rolling Hills Coun
try Club. Brighter red indicates 
healthy vegetation in close proximity 
to seeps and springs.
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The Behavior of the Water Table.
a. Introduction. Water levels in 15 boreholes (Plate 1) 

were monitored over the course of the study and
contour maps (Plates 4 and 5) of the water table were prepared 
at low level (8 April 1977) and high level (25 April 1977) 
conditions. The lack of significant precipitation from 
November 1976 through March 1977 (less than 1.25 inches total 
moisture) permitted examination of the water table during a 
period of generally uninterrupted decline.

The precipitation record referenced in this study was 
obtained from a precipitation gauging station operated by the 
Denver Board of Water Commissioners located 1 mile east of 
the study area (Appendix C).

b. Borehole hydrographs. The borehole hydrographs 
(Appendix C) indicate that, in general, water levels

had approached quasi-static conditions by late March 1977 
following a prolonged drought. Water levels in borehole 8 
were experiencing a rapid rate of decline in late March, 
following a sharp rise due to earlier March snows (totalling 
0.35 inches of moisture). Minimal response to these March 
snows was observed in the other boreholes where the water 
levels generally continued to decline at or near pre
precipitation rates.

An early April snowstorm (moisture equivalent of 0.4 7 
inches) generated significant responses in all boreholes.
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Snow fell on 2 and 3 April and began melting approximately 
four days later. The waning snowmelt was accompanied by 
intermittent rains on 12 and 13 April (0.5 inches of moisture).

The water level in borehole SW3 did not respond signi
ficantly to this early spring precipitation until late in 
April after further accumulations of 0.45 inches on 15 April 
and 0.86 inches on 20 April. Unlike the other monitored bore
holes, the water levels in boreholes / 1, and 3 did not peak 
immediately following the April precipitation, but continued 
to rise throughout late April and into the drier month of May.

Borehole Q5's record is notable in comparison to the 
others in that its rate of fall tends to increase after a 
period of time when the water level drops to about 5 feet 
below the surface. This behavior is apparent when the March 
water levels are extrapolated back to the surface in early 
November. This behavior can be explained by considering 
changes in the various factors of the basic Darcy flow 
equation:

Q = kiA (Eqn. 1)
where:

Q = discharge 
k = permeability
i = hydraulic gradient in the direction of flow 
A = cross-sectional area perpendicular to the flow

For a falling water table the cross sectional area (A) 
and hydraulic gradient (i) decrease with time resulting in a
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decrease in discharge (Q). In a homogeneous, isotropic medium 
the net effect will be a decrease in the rate of water level 
decline with time. In the case where decreasing discharge 
results in no decrease or an increase in the rate of decline, 
non-homogeneous aquifer conditions are suspected. Specifically, 
the behavior of Q5 can be attributed to variations in the 
storage properties of the aquifer at depth. Q5 is located in 
an abandoned quarry pit which is presently being utilized as 
a site to test drill bits and drilling equipment. As a result 
of this activity there are literally hundreds of shallow bore
holes in the floor of the pit. Many of these boreholes pene
trate to the shallow water table. The observed increase in 
the rate of water level decline in Q5 reflects a significant 
decrease in storage capacity at depths below 5 feet. These 
decreases in storage offset the effects that would normally 
be expected to result from decreases in subsurface discharge.
The boreholes themselves appear to be at least partially 
responsible for the observed behavior, having created a 
significant amount of artificial storage at shallow depths.
In fact, any of the monitored boreholes which failed to 
display decreasing rates of water level decline under con
ditions of no recharge and falling water levels can be 
explained in terms of variations in storage capacity.

The hydrograph records indicate that infiltration and 
recharge is greater from snowmelt than from equivalent amounts
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of rainfall. Rains on 6 and 7 June 1977 totalled 1.18 inches 
and had only a limited affect on water levels. Similar re
sponses were observed from a storm on 6 July 1977 of 0.76 
inches. An exception to this behavior was a late July storm 
totalling 1.04 inches, which caused significant responses in 
all boreholes. Reasons for the difference in behavior can 
be attributed to variations in storm intensity, duration, 
and antecedent moisture conditions. Another important 
factor, which may have accounted for the significant rises 
in water levels from the late July storm, was the presence 
of large desiccation cracks which had developed in the silty- 
clayey soil cover (Figure 26). These were not observed to 
have developed prior to the earlier summer storms.

Figure 26: Large crack developed in the soil cover
near boreholde SW3 (see Plate 1) . 
Cracking is the result of severe soil- 
moisture depletion and is a common 
occurrence in the clayey soils covering 
the caprock.
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Evidently the April snowstorms and prior rains had suf
ficiently saturated the soil cover to cause maximum swelling, 
resulting in a reduction in the permeability of the soil and 
an increase in its runoff producing characteristics. It was 
not until the onset of drier and hotter conditions in July 
that significant soil moisture depletion occurred and caused 
the soils to shrink and cracks to develop. Runoff produced 
from a high intensity storm, under such conditions, could 
easily find its way into these cracks and rapidly migrate 
to the water table before the thin veneer of soil cover had 
had time to reabsorb a sufficient amount of moisture and seal 
off these routes of infiltration.

On careful examination, there is another noticeable 
feature seen in the behavior of the hydrographs which is 
of particular importance to this study. A comparison of 
those hydrographs which repeat declines over the same depth 
intervals (borehole nos. 1, 2, 7, & 8) indicate that summer 
recession rates are significantly greater than winter rates. 
Summer recession rates may even be slightly attenuated because 
of delayed recharge from earlier precipitation. The difference 
in recession rates can be attributed to either the influence 
of aquifer stresses imposed by vegetative and evaporative 
withdrawals of groundwater from the flanks of the mountain, or 
to the freezing of groundwater discharging from joints and 
fractures along the northern cliff exposures. Differences in
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recession rates were most noticeable along the northern, outer 
perimeter boreholes (i.e. those closest to the likely causes). 
If evapotranspiration withdrawals of groundwater from around 
the mountain's flanks are in fact pumping stresses which are 
being transmitted to the igneous caprock aquifer, then the 
behavior suggests a condition of saturated hydraulic continuity 
between the caprock and underlying sediments at a position 
fairly close to the edge of the caprock.

A comparison of these recession rates is shown in Table 2 
below.

Table 2
Comparison of Recession Rates

Drillhole
Depth

Interval
Examined

Winter Rate 
ft/day

Summer Rate 
ft/day

Percentage
Difference

ft/day

1 58.8 - 60. 8 0.087 0.128 + 34%
2 40.0 - 42.5 0.083 0.100 +17%
7 12.5 - 16.0 0.121 0.160 +24%
8 14.5 - 28.5 0.933 1.273 +27%

c. Water Table Configuration. Two maps of the water 
table were prepared from borehole information. 

These were drawn at minimum saturated thickness (Plate 4 -
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8 April, 1977) and maximum saturated thickness (Plate 5 - 
2 5 April, 19 77) conditions.

The general shape and slope of the water table indicate 
that a radial flow pattern directed towards the flanks of the 
mountain is superimposed on a regional flow system trending 
east-southeast.

The water table is, of practical necessity, represented 
as a relatively smooth but undulating surface. It is not, 
however, as smooth as represented. A detailed map of the 
water table in the vicinity of borehole Q5 (Figure 27) 
indicates that the surface is quite irregular over short 
distances. This is not an uncommon occurrence in fractured 
and jointed media.

In the eastern third of the mountain the water table con
figuration is inferred due to the lack of boreholes in which 
to obtain depth measurements. Only one observation of the 
possible position of the water table was made. A high 
intensity storm on 21 July 1977 (1.04 inches) left extensive 
standing water in the abandoned quarry pits of the South 
Table Mountain Gun Club. Measurements of elevations at the 
edges of three of these pools were coincident. This suggests 
that these water levels were related to a rising water table 
and not the result of ponding due to local surface runoff 
collection. In addition, not all storms, producing equivalent 
amounts of precipitation, generated such effects. Surfacing
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of the water table at this location would not be unreasonable 
given the general behavior and position of water levels 
observed at other locations.

The regional irregularities in the water table can be 
attributed to a combination of:

1) surface topographic effects, and
2) spatial variations in the aquifer*s properties 

(permeability and storage capacity).
Topography plays a role in establishing the distribution 

of highs and lows across the groundwater surface and the 
general position of groundwater divides; however, the abrupt 
steepening, inside the zone of peripheral drainage, is princi 
pally the result of variations in the aquifer's properties. 
Normally a free water surface is a subdued reflection of 
surface topography. Pumping tests (Table 3) indicate that 
the relatively flat areas correspond to zones of greater 
permeability and that where the water table is exceptionally 
steep and high, permeability is very low. This relationship 
is also confirmed by resistivity measurements (Figure 3 5 , 
p. 9 9 ; Table E-l, p.216)* Mounding of the groundwater table 
occurs along the northern tier of the mountain where low 
transmissibility and high resistivity values were measured. 
The rapid and severe response of the water table to precipi
tation in this vicinity is the result of:
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1) extremely low storage capacities,
2) a system of shallow subhorizontal platy 

joints which serve to intercept and conduct 
surface water over columnar joints and high 
angle fractures, and

3) lack of significant soil cover.

Around the perimeter of the mountain, steepening of the 
water table is the result of drainage towards a free face. 
Following periods of intense precipitation it is not uncommon 
to observe water issuing from joints and fractures high up on 
the cliff (Figure 28). Usually this does not last for more 
than a few days, after which the water table recesses further 
back into the mountain and recession rates decline.

Figure 28: Groundwater seepage, (bottom of
photograph) northwest of borehole 8, 
following a period of heavy precipi
tation. Water level was very close 
to the ground surface at the time of 
this observation.
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Water table contours around the perimeter of the caprock 
were constructed to indicate that the flow field does not 
persist to the edge of the caprock except at those locations 
where spring discharges from the caprock are known to occur.
The author has taken the liberty of interpreting the flow 
field in this manner because of a lack of visible evidence to 
support an alternative interpretation. The exact position of 
complete diminution in the saturated flow field is unknown. 
Whether or not the flow field is diffracted downward or outward 
where it passes into the underlying sediments will depend on 
the contrast in permeabilities between the two media. The 
magnitude of the contrast will determine whether the transfer 
of groundwater takes place in a saturated or unsaturated phase. 
Further down the mountain's flanks, increases in sediment 
permeability, primarily the result of opening of joints and 
fractures in the stiff-fissured clays, drain small quantities 
of water directly from the underlying sediments. These high 
level springs indicate that leakage from the caprock does occur.

4,The unusually long, dry period (November 1976 - April 
197 7) permitted examination of the water table in a state of 
decline. The hydrographs indicate that, following recharge 
in April, portions of the aquifer had attained maximum 
saturated thicknesses, and that recharge was actually being 
rejected (Plate 5). A number of the boreholes, however, did 
not attain these conditions. These boreholes displayed
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rather slow recession rates from their peak conditions, 
suggesting that greater saturated thicknesses are possible 
during wetter years. This is especially true for boreholes 
SW^, 1, 3, 4, & 5. Maximum rises are most likely to result 
from winters of heavy snowfall accumulations, interspersed 
with regular melting cycles.

Pumping Tests
a. Introduction. Ten pumping tests' in nine boreholes 

(1 through 8 and Q^; Plate 1) were conducted in
late May and early June 1977. Graphs of these tests are 
included in Appendix D. The purpose of these tests was to 
assess the aquifer's transmissibility and specific yield 
properties. No drawdowns in neighboring boreholes, some as 
close as seven feet (Q̂  test) to the pumped borehole, were 
observed during the short duration tests, thus making it im
possible to determine specific yield values.

b. Field Procedure. A three inch diameter submersible 
motor pump was utilized in all tests. Discharge was

maintained at a near constant rate by monitoring the flow 
through an in-line flowmeter (rotometer with a 5.5 gallon per 
minute capacity) at the discharge point'. Excess discharge was 
returned to the borehole by restricting outflow and increasing 
the opening of a by-pass positioned upstream of the meter 
(Figure 29).
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GATE VALVE

PRESSURE GAUGE 
RETURN VALVE

ELECTRICAL SONDE A

FLOW METER

CALIBRATED CONTAINER

RETURN LINE

DISCHARGE LINE

CHECK VALVE

SUBMERSIBLE PUMP

Figure 29: Schematic diagram of pumping
test components.
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The initial minutes of each test are characterized by 
very high discharges relative to discharges maintained during 
the remainder of the pumping period. These high discharges 
were the result of initial filling of the discharge line 
(1 inch diameter) and of allowing unrestricted flow early 
in the test to assess the borehole’s reaction to stress. The 
first few minutes of each test provided a means of selecting 
an appropriate discharge rate which could be maintained for 
an extended period of pumping as head requirements increased 
in response to increasing drawdown. Some difficulties were 
encountered during the early phases of the tests, as sediment 
in the pumped discharge caused sticking and malfunctioning of 
the flowmeter. These conditions were generally overcome 
within the first ten to fifteen minutes of each test.

Accurate measurements of discharge were made by measuring 
the discharge in calibrated containers. This procedure was 
utilized throughout the tests to gauge real discharges as the 
flowmeter was sensitive to variations in the density of the 
water, and therefore to varying concentrations in suspended 
sediment.

Drawdown measurements were made with an electrical sonde 
as often as possible during the early phases of each test and 
thereafter at extended time intervals depending on the observed 
rate of drawdown. Recovery measurements in the boreholes were 
made following cessation of pumping at intervals of 1 minute
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initially and thereafter at intervals of 5, 10, and 30 minutes 
etc. as necessary.

Two tests were conducted in borehole 4. Borehole 4 was 
the first borehole tested to display any significant trans- 
missibility. The second test was run at a discharge which 
exceeded the capacity of the flowmeter. No effort was made 
to control the rate of discharge during the second test, how
ever, measurements of discharge in calibrated containers 
indicated that only minor variations in discharge rates 
occurred as a result of the small increases in drawdowns. 
Borehole was tested in the same manner as borehole 4 
(test 2) .

The other boreholes utilized in this study were not 
tested. An attempt to test these resulted in clogging of 
the pump due to the accumulations of drilling fines in the 
borehole. Those efforts had to be abandoned.

Additional hydraulic information could be easily obtained 
from these untested boreholes by running relatively inexpensive 
slug-injection or bailer type tests on the pumped boreholes and 
calibrating the results against the results of the more sophis
ticated tests already run. Similar type tests could then be 
run in those boreholes which were not amenable to pumping and 
values of transmissibility determined by comparison with the 
previously calibrated runs. This method of investigation did 
not occur to the author at the time the field studies were 
being conducted.
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c. Analysis.
i. Assumptions♦ A number of field assumptions were 

made in the analysis of test results. These were:
1) that each borehole penetrated the entire thickness 

of the aquifer,
2) that silt and mud which had accumulated on the 

sides of the borehole during drilling did not 
significantly inhibit the ability of fractures 
and joints to transmit water into the borehole,

3) that the effective radius of the well is the 
radius of the borehole, and

4) that the Theis recovery equation is applicable
to the analysis even though there are significant 
departures from the assumptions contained in that 
formula.

The tests were intended primarily to provide a rough 
approximation of the aquifer's permeability and to provide 
a means of examining areal variations in that property. The 
tests were of relatively short duration, but created drawdowns 
sufficiently large to permit accurate measurements of recovery 
rates.

ii. Method. The recovery equation employed in this 
analysis was developed by C. V. Theis in 1935 as a corollary 
to his classic non-steady-state equation. The method is based 
on the principle that if a discharging well is turned off, the
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residual drawdown will be the same as if the well continued to 
discharge and a recharge well with the same rate of flow was 
introduced at the same point the moment discharge stopped 
(Davis and DeWiest, 1967, p. 223).

The assumptions in the derivation of the basic recovery 
equation are worth noting before proceeding further. These 
are:

1) an infinite, homogeneous, isotropic aquifer,
2) complete penetration of the aquifer by the well,
3) infinitesimal well diameter,
4) instantaneous release or addition of water 

to storage with change in head, and
5) horizontal streamlines flowing into the 

pumped well.

Strictly speaking the only type of aquifer which rigidly 
meets all the above requirements is a perfectly elastic, 
artesian aquifer in which changes in head are transmitted 
at high velocities through the aquifer, and in which no 
sediments have been dewatered. In the present analysis the 
most significant departures from the basic assumptions can be 
expected to occur from timelag involved in the dewatering and 
watering of the aquifer, inasmuch as the aquifer is unconfined; 
and from the aquifer's general lack of homogeneity and isotropy, 
a typical feature of jointed and fractured media.
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An additional source of deviation from the ideal condi
tions assumed by Theis can be attributed to the large vertical 
components of flow associated with tests in unconfined aquifers 
and these tests in particular. Theis1 derivation assumed 
radial flow from all sides so that the flow area is in the 
shape of a cylinder. In a number of the tests conducted, 
large drawdowns in relation to saturated thickness Occurred 
so that application of the Theis recovery equation from a 
truly rigorous viewpoint is questionable. Measurements of 
water levels in the borehole represent measurements of the 
position of the hydraulic grade line, but because of timelag 
involved in dewatering, the seepage surface is located above 
this level. During the recovery cycle, contributions to the 
changes in water level are made from above the position of 
the intermediate recovery levels (hydraulic grade line) rather 
than from a general rise of the water level in the aquifer 
from below. This is an important concept and helps to explain 
some of the initially rapid rises in water level immediately 
following cessation of pumping (a check valve at the top of 
the pump prevented water in the discharge line from draining 
into the borehole following shutdown).

For lack of a better equation to describe the behavior 
of recovery in a well tapping a non-homogeneous, fractured 
and jointed aquifer, the Theis recovery equation (employing 
Jacob's modification) has been used to approximate the hydraulic 
characteristics of the igneous caprock.
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The equation for residual drawdown is given by

Q4 TT T log. —  logt
Vr"S' ,\ w J

(Egn. 2) 
(Jacob, 1963, p. 283)

where:
s' = residual drawdown (initial static water

level minus water level following recovery) (L)
Q = rate of discharge (L-Vt)
T = transmissibility (L^/t/L)
rw = effective radius of the pumped well (L)
S = storage coefficient (specific yield) during 

the period of pumping (dimensionless)
S' = storage coefficient during the period of recovery

measured in any set of convenient and consistent units.

On rearranging the terms in brackets, the equation is 
simplified to:

Q4 IT T log, t
t'

S 1
s (Eqn. 3)

Use of the above equation, because it was derived from
an approximation of the integral:

0x>
W (u) =

-u
u c i u (Eqn. 4)

u

the solution of which is an infinite series, requires that 
u be small (less than about 0.01) (Jacob, 1963) where:
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1.87S r^u = — ^---  —  (Eqn. 5)

for measurements in field units of t(days), T(gpd/ft), r(ft),
S(dimensionless).

The failure of the water level recovery curves to produce 
a straight line through the origin is believed to be due to 
variability in S. The difference in S results from envelopment 
of air bubbles and capillary lag during the recovery process. 
According to Jacob (1963, p. 285) no adjustment is necessary 
to account for these variations, and the points for field data 
taken when storage coefficient, S', is most stable should be 
given greatest weight. An extrapolation of the trend of most 
stable plotted points will provide the best estimate of trans- 
missibility and from the slope of the straight line T is 
determined.

The solution for the equation for T is obtained by plotting 
s' vs log t/t* and setting the slope of the straight line 
equal to:

as' 2.3Q , Mat/t’ 4-nrT (Eqn. 6)

If the change in s’ (as') is taken over one complete log cycle 
of t/t' then the solution for T is rapidly obtained.

d. Results. Table 3 summarizes the results of the pumping 
tests and Appendix D contains arithmetic and log- 

arithmetic graphs of drawdown and recovery measurements, and 
identifies that portion of each curve used in evaluating the
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Ĵl
o \ m o ® ° o m Q Q n o r o
r - t r o c o r ~ r ^ o o i J S 0 5 r H ' ^

ooiHr>ver»<H^OooiD
O ' H O ' J ’ i o f N ^ H ^ i O r ^

CJ»H**v
% - \  eu O I- zoto

(NrO'^'^lDl£>r~CO «tr ^ m
a

— ‘I c m | 3/ 
Th
e 

th
ic
kn
es
s 

of 
the

 
aq
ui
fe
r 

at 
th
is
 

lo
ca
ti
on
 

is 
qu

es
ti

on
ab

le
. 

Me
as

ur
em
en
t 

of 
the

 
to
ta
l 

bo
re
ho
le
 

de
pt
h 

is
 

38 
fe
et
. 

Re
po
rt
s 

(A
pp
en
di
x 

B) 
pl
ac
e 

the
 

aq
ui
fe
r'
s 

th
ic
kn
es
s 

at 
65 

fe
et
 

at 
th
is
 

lo
ca
ti
on
, 

in 
wh
ic
h 

ca
se
 

th
e 

bo
re
ho
le
 

wo
ul
d 

on
ly
 

pa
rt
ia
ll
y 

pe
ne
tr
at
e 

the
 

aq
ui
fe
r.
 

No 
co
rr
ec
ti
on
 

ha
s 

be
en
 

ap
pl
ie
d 

fo
r 

th
is
 

co
nd

it
io

n.
Va
lu
es
 

sh
ow
n 

in 
pa
re
nt
he
se
s 

ar
e 

th
os
e 

co
mp
ut
ed
 

on 
the

 
ba
si
s 

of 
the

 
sa
tu
ra
te
d 

th
ic
kn
es
s 

be
in
g 

eq
ua
l 

to 
34 

fe
et
; 

th
os
e 

ou
ts
id
e 

on 
the

 
ba
si
s 

of 
it 

be
in
g 

eq
ua
l 

to 
61 

fe
et
.



ER-1982 78

transmissibility. Values of transmissibility have been 
converted into equivalent values of bulk permeability by 
dividing by the saturated thickness to allow for an easy 
comparison of the hydraulic characteristics of the caprock.

Values of u were computed by assuming values for the 
storage coefficient (specific yield), which are believed to 
be high. Use of the higher values provides a means of con
servatively testing the value of u and therefore the validity 
of the integral approximation to these tests. The small u 
values indicate that the integral approximation provides a 
valid estimate of transmissibility notwithstanding the 
adequacy of the other assumptions employed.

Results indicate that the bulk permeability of the cap
rock varies by almost a factor of 10^ from the least calcu
lated value to the highest calculated value, and is even 
greater when boreholes 7 and 8 are considered. In general, 
the permeability increases from north to south and from west 
to east.

It might be argued that the results are indicative of 
sampling within a heterogeneous medium, where widely spaced 
vertical fractures and joints could be missed in a drillhole 
which is biased towards intersecting low angle and subhori
zontal joints and fractures at depth; and that the low values 
measured do not accurately reflect bulk permeability. However, 
results of electrical resistivity and thermal measurements tend



ER-1982 79

to confirm the distribution of values and also indicate that 
these large variations are possible and not necessarily the 
result of the apparent defects in the sampling technique.

Jacob (1963) has examined the behavior of water level 
recovery curves for different types of variations of S with 
time (Figure 30) attributing these to the effects of capillary 
lag and envelopment of air bubbles. Ratios of S/S' for each 
of the pumping tests are shown in Table 4. All three cases 
of variations in S, described by Jacob, are represented by the 
behavior of the recovery curves in these tests; however, the 
large variations in £ for borehole Q5 and boreholes 2, 7, and 
8 warrant further attention.

According to Johnson (1966, p. 142)(Figure 31) a large 
intercept at zero drawdown (Q̂ ) is evidence of recharge to 
the aquifer. As already discussed ("Behavior of the Water 
Table", p. 57), the large number of boreholes in the vicinity 
of could account for a significant increase in the aquifer's 
storage and these are believed to be responsible for the 
recharge effect and the rather large displacement'of the 
re cove ry curve.

Boreholes 2,7, and 8, did not experience complete 
recovery, indicating a hydraulically discontinuous network 
of through-going fractures and joints and a permanent 
lowering of the static water level in the vicinity of the 
boreholes due to pumping.
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Case 2

Figure 30: Water-level recovery curves for
different types of variations 
of S with time (from Jacob, 1963).

Table 4
Variations in Storage Coefficient

Case Type 
3

3 
1 
3 
3

2

* incomplete recovery

Borehole No. S/S'
1 2.6
2 *
3 2.6
4 1.0
5 1.7
6 4.8
7 *
8 *
Q, 30.0
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30 5020 100

Lorge intercept ot zero drowdown 
is evidence of rechorge to oquifer

Incomplete__
recovery due 
to limited 
extent of oquifer

30 50 1003 205 102 Rotio, t/t'

Figure 31: Displacement of residual drawdown
curves resulting from deviations 
of real aquifer conditions from 
theoretical conditions (from 
Johnson, 1966)
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Geophysical Investigations
Electrical Resistivity.
a. Introduction. Sixty-six electrical resistivity sound

ings were conducted over the surface of South Table 
Mountain (Plate 1; Appendix E). The purpose of these soundings 
was to provide additional information on depths to the sedi
mentary contact and water table, thereby augmenting the more 
conventional mapping techniques employed. The usefulness of 
the electrical soundings for these purposes varied according to 
location because of differences in the complexity of the geo
electric section.

In the eastern third of the mountain, excellent results 
were obtained. Depths to the sedimentary contact, as deter
mined. from interpretations of the electrical soundings, were 
generally in close agreement with average values determined 
earlier by measurements of exposed contact elevations. Depths 
to the water table were not discernible. The electrical data 
were much less accurate than the perimeter level traverse, and 
for that reason, the electrical data were not utilized in 
compiling the structure contour map at the base of TV2.

In the western two-thirds of the mountain, resistivity 
results were inconclusive for use as originally intended.
The assumption that the caprock would exhibit electrical 
homogeneity and could be described as a simple, horizontally-
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layered earth, consisting of soil, unsaturated rock, and 
saturated rock underlain by a conductive basement, proved 
invalid for many of the soundings. In some cases, inter
pretations led to estimates of caprock thickness which were 
considerably in error when compared to known values. Where 
such values were unknown, the interpretations appeared 
unreasonable in view of the general nature" of observed 
thickness variations. In many cases the contrasts in the 
layering parameters of the curves were such that it was not 
possible to obtain a unique solution to describe the section.

In spite of the apparent limitations of the data, there 
were three applications wherein the information proved useful. 
These were:

1) in studying the nature of permeability distributions 
within the caprock,

2) in evaluating conflicting borehole records, and
3) in determining the probable degree of saturation 

of the underlying sediments.

These applications will be discussed following a general 
review and description of the field procedures and analytical 
methods employed.

b. Field Procedure. The sixty-six electrical resistivity 
soundings were sited in order to give as complete 

coverage as possible within the constraints of topography,
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soil cover, overhead transmission lines, underground pipelines, 
time and expense. The orientation of each line was adjusted to 
conform to minimum topographic changes along the line. In some 
cases, without this precaution, these variations would have been 
great enough to cause a significant departure from the assumption 
of a horizontally-layered earth model. The elevation at the 
center of each electrical sounding spread was determined for 
reference to the water table and sedimentary contact elevations.

Two resistivity meters were used in the geo-electric 
survey (the names and manufacturer of the models used are 
included here for the sake of completeness and are not 
intended to imply an endorsement of the products). The 
models utilized were the ER-2, Gravel Detector, and RC-40,
Strata Scout (products of Soiltest Inc.). There was no 
difference in the performance or penetration capability of 
either meter, though the RC-40 is a much more powerful unit. 
Neither meter was capable of measuring resistivity at depths 
below the caprock-sedimentary boundary.

An expanding Wenner array, wherein the distances between 
electrode pairs ('a1 spacing) is the same for«a given reading, 
was utilized (Figure 32). The arrays were laid out with a 
transit and 'a' spacings were measured with a chain in incre
ments of 10 feet.
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A V

n ' 3  3 -----  3 ----

Figure 32: Schematic of electrode positions
for a Wenner array.

In this technique an electrical current (I) is passed 
into the ground through two metal electrodes (A & B) and the 
resulting potential difference (AV) between the inner two 
electrodes (M & N) is measured. The four electrodes lie 
along a straight line in which AM = MN = NB = a.

By calculating a value of electrical resistance (R)
is obtained which is proportional to the apparent resistivity 
(̂ >a) of the ground within the zone of measurement according 
to the relationship:

(Eqn. 7)
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where the value of K (geometric factor) is dependant on the 
electrode configuration used and for the Wenner array is 
given by:

K = 2 7T 9l (Eqn. 8)

The electrodes are moved avjay from a fixed center point,
\in both directions, maintaining a symmetrical arrangement, 

thereby permitting the current to penetrate to greater depths. 
Apparent resistivities are calculated for each electrode 
separation and plotted on log-log paper against corres
ponding 'a' spacings to form an electrical sounding curve 
(Appendix E).

c. Method of Analysis. Partial curve matching was used 
to interpret the electrical resistivity curves. Values for 
the thickness and resistivity of the individual layers, 
comprising the geo-electric section, were determined based 
on the assumption that the caprock could be treated as a 
horizontally-layered earth.

The partial curve matching procedure entails matching 
short segments of a field curve with a set of two layered 
(single overburden) curves starting with the shorter 'a' 
spacings and working towards the larger spacings. As each 
segment of the curve is interpreted, the layers comprising 
the interpreted portion are lumped together utilizing a set
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of auxiliary curves which depend on the shape of the portion 
of the data interpreted. A new curve with a lumped resistivity 
and thickness is drawn and then used in place of the previous 
(surface) layer when the next portion is analyzed.

These first approximations were then refined (in most
cases) with the aid of a computer assisted electrical resist-

27ivity interpretation program — . The program calculates a 
theoretical field curve based on values of the layering 
parameters computed from partial curve matching and compares 
the computed curve against the field curve. The first 
approximations are then adjusted by trial and error (based 
on a general knowledge of the layering parameters) to obtain 
successively better fits with the field curve. The trial and 
error procedure is continued until the best possible solution 
is obtained. The inability to achieve a close fit is an 
indication of flaws inherent in the model selected to 
describe the field curve. The error (expressed as a per
centage) is computed according to the following formulae 
for the mean square log error:

2/ This program, CRIMP (Complete Resistivity Interpretation 
Modelling Package) was developed by Professor C.H. Stoyer 
of the Geophysics Department, Colorado School of Mines, 
and was in the development stage when used in this study.
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log error = -• =  ----- c— >-

V 2

(Eqn. 9
N

iox - 1
% error =  ^oo--  (Eqn- 10)

where
y^ai = apparent resistivity (field curve) at the

ith »a' spacing
y^ci = theoretical (computed apparent resistivity)

at the i^h 'a » spacing
N = number of plotted points (readings).

The refinement entailed considerable time and expense 
and was discontinued when it became obvious that the data 
would not provide interpretations sufficiently accurate to 
be used as a mapping tool in conjunction with the more 
accurate determinations made by conventional techniques.
The results of the interpretations are given in Table E-l.

d. Interpretation Problems. Problems in analyzing and 
interpreting the electrical sounding curves resulted 

from either the separate or combined effects of:
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1) limitations in the validity of the assumed model, 
and/or

2) equivalence precluding attainment of unique so
lutions without having to rely on some prior know
ledge (caprock's thickness) of the caprock's 
layering parameters.

i. Model Deviations. Difficulties caused by limi
tations in the validity of the assumed model were particularly 
common to the western series of soundings, where the multi
layered lava flows display differences in jointing and frac
turing characteristics, variations in the intensity of vesicle 
development, and contain scattered zones of intense brecciation. 
As a result of these inhomogenieties, many of the electrical 
sounding curves behaved in an erratic manner, severely limiting 
the accuracy of interpretations based on a horizontally-layered 
earth model. In some cases it was difficult to determine 
precisely how many layers the data actually represented. In 
contrast (with limited exceptions) , the soiinding curves in
the eastern third of the mountain, where only a portion of the 
lower flow is present, were consistently smooth and regular 
and interpretations were more reasonable and reliable.

ii. Equivalence. Apart from limitations in the va
lidity of the assumed model caused by lateral inhomogenieties
in the subsurface, the effects of equivalence created additional 
interpretation problems. This was especially true for the 
western series of soundings.
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When different sets of layering parameters (thickness and 
resistivity) provide the same sounding curve within 5%, these 
sets of conditions are said to be equivalent (Keller, 1977, 
p. 158). Equivalence is most likely to be a problem when the 
contrast in resistivities between successive layers is very 
large.

Ranges in equivalence for the four major types of sounding 
curves are shown in Figure 33. Depending on the type of curve 
(resistivity contrasts), equivalence is tested by examining the 
ratios of transverse resistance (TyOjh^) or longitudinal con
ductance (S=hj_̂ Ci) in relation to the ratios of successive 
layer resistivities. Each of the resistivity sounding curves 
was tested for equivalence and the results are given in 
Table E-2.

Table E-2 also includes the values of the most conductive 
layers within the caprock below the position of the water table. 
In the case of equivalence it is not possible to evaluate the 
layering parameters of the equivalent layer directly. However, 
knowledge of the total thickness of the caprock at each of the 
sounding locations (albeit extrapolated from prior structural 
mapping) provided an indirect means of computing the thickness 
of the equivalent layer by subtracting the thickness of all 
other layers from the total caprock thickness. By considering 
the transverse resistance or longitudinal conductance of the 
equivalent layer the resistivity was then computed. The
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underlying assumption involved here is that a reasonable value 
of the caprock's thickness can be established at every sounding 
location based on the results of prior structural mapping.
The thickness of the equivalent layer would have to be sig
nificantly in error to have an adverse effect on the computed 
value of the layer's resistivity. The purpose of computing 
the resistivity values of all layers comprising the geo-electric 
section is discussed under the heading of "Results".

e. Results.

Because of the wide range in calculated resistivities of the 
most conductive caprock layers (86 ohm-ft. vs 8360 ohm-ft.), 
the electrical data finds its most useful application in 
describing the distribution of permeability variations within 
the caprock.

The resistivity of a water-saturated rock varies accord
ing to an empirical function known as Archie's Law and is
given by:

i. Determination of Areal Variations in Permeability.

-m (Eqn. 11)

where:
= bulk resistivity of the rock (ohm-L)
= resistivity of the water contained in the porew

structure of the rock (ohm-L)
Cp = porosity, expressed as a fraction per unit volume
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of the rock
a,m = parameters whose values are assigned arbitrarily 

to make the equation fit a particular set of 
measurements.

By far the most significant factor in the above equation 
is porosity, especially if the resistivity of the pore water 
can be expected to remain somewhat constant over the area 
being studied. With the exception of zones of brecciation, the 
principal source of interconnected porosity in the igneous 
caprock is from joints and fractures. There is almost always 
some intergranular porosity in crystalline rocks, a result of 
space left between the mineral grains as the rock cooled and 
contracted. Unless these fluid filled pore spaces are inter
connected, they contribute little to the conduction of elec
trical current and nothing to the passage of water.

For the purposes of this study, contributions to per
meability from intergranular pore space can be assumed to be 
minor, except perhaps where the caprock is badly decomposed 
or intensely brecciated. Intuitively, one would expect that 
the degree of fracturing and jointing, the principal source 
of both bulk porosity and permeability, might be indicated by 
the value of the earth's resistivity within the zone of sat
uration, if the assumption that the pore water salinity does 
not vary significantly from location to location is valid.

Donaldson (1974) measured the porosity (interconnected
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primary and secondary) and corresponding resistivity of 
thirty-six, hand-sized, cored specimens of the Table Mountain 
lava flows as part of a study to examine the relationship 
between rock resistivity and strength. Measurements of the 
resistivity of each sample were taken twice: both before and 
after thermally stressing the rocks to induce fracturing and 
effect strength reductions. Seventy-two measurements in all 
were made. A graph of these data (Figure 34) was prepared to 
examine the behavior of the rock's electrical properties in 
relation to Archie's empirical formula. A straight-line fit 
to the plotted data points was made from visual inspection.
The relationship between porosity and resistivity, for the 
igneous rocks tested, is given by:

/O = 0.19 (<p)”2,63 (Eqn. 12)

where: 
cp = fractional porosity 

= resistivity in ohm-m 
0.19 = an in ohm-m

The equation indicates that the resistivity is sensitive 
to variations in porosity by virtue of the large value of the 
exponent in the equation. The range in porosities of the lava- 
flow specimens tested by Donaldson is from 0.5% to 10%. 
Significantly, this range in porosities is defined by a range in
resistivities which compares favorably with the range in



ER-1982 95

O •

fc*

8

rHa5 cJ3 o(0 -H
4->

*0 IBV 3t4 CPr-0 w O'o
VO • _m to cc 0
U -H to0 a T34*4 4->•-4c IB>, 3 c*> 0 0•H 2 a
>•H 0) E4J >H 0to a >4•H IBW4« eV IB
*4 0)44.e mn 44TJ
> —O'>1 c Cu
44 ̂4 f4-h a j=to a too to c
u u 0
0 •*4a a 44

44 IB»M -W0 44 0)
to 14

A  .Ha ft)m u AM -I 44tr 44 it)to
e 4)0 43

-4 ft) -Hi •£ u
1 44 uO' n0 *44 0)
Si 0 ’O

rsO OO O(rf>) TWDTVe^



ER-1982 96

resistivity values computed from the field data. However, 
the range in field resistivities is somewhat narrower than 
the laboratory measurements which do not permit inclusion of 
large-scale joint and fracture sets, and which do not dupli
cate groundwater salinity conditions found in the field.

Field measurements of the caprock's resistivity (within 
the zone of saturation) varied from 85 ohm-ft. to as much as 
8360 ohm-ft. (Table E-l). The values of resistivity measured 
by Donaldson (Figure 34) are in ohm-m. Converting to comparable 
units, field porosities are shown to range from 2% to greater 
than 10%; however, because of the effects of groundwater 
salinity (which was not measured in this study), field resis
tivities will tend to be lower, and therefore are likely to 
reflect porosities greater than those actually present. In 
order to refine the comparison, the parameter "a" would have 
to be determined from the laboratory work and pore water 
salinities measured in the field. Normally the parameter "a" 
for rocks with joint porosity is slightly greater than 1 
(Keller, 1977, p. 21).

Donaldson's work also indicates that when the degree of 
fracturing of the water-bearing rocks of the Table Mountain 
lava flows is increased there is a corresponding decrease in 
the rock's resistivity (note the plotted positions of the 
thermally stressed samples in Figure 34). Accordingly, one 
would expect that there should also be a corresponding increase
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in the permeability of the rock due to an increase in the 
number of fluid conducting paths. The scatter in the plotted 
points of Figure 34 limits the use of the relationship to a 
qualitative treatment. However, the wide range in resistivi
ties and corresponding porosities permits a meaningful com
parison and application of Donaldson's work to the definition 
of permeability within the caprock. When the field electri
cal data are used in conjunction with the results of the 
pumping tests it is possible to describe variations in the 
permeability of the caprock much more extensively than the 
pumping tests alone would allow.

Figure 35 is a graph of permeability (as determined from 
measurements of transmissibility in pumped boreholes) versus 
the resistivity of the most conductive layer of the caprock 
within the zone of saturation. The resistivities plotted 
were selected on the basis of the proximity of the electri
cal sounding to the tested borehole. In the case of boreholes 
1 & 6, which lack a nearby sounding to establish a value of 
the required resisitivity, the contoured value of the earth's 
resisitivity at those locations was used (Plate 6). The re
sistivity of the most conductive layer was chosen as the pa
rameter for comparison because both the wide range in known

4 2permeabilities (10 or greater) and measured resistivities (10 )
suggests that the contribution of the more resistive layers to
bulk permeability must be negligible where the presence of a
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conductive horizon is of sufficient thickness to register as 
a separate layer within the geo-electric sounding curve. 
Resistivity curves which indicate four and five-layered earths 
are believed to be the result of selective zones of very high 
permeability.

Although only a limited number of data points are avail
able for comparison and examination, they do suffice to demon
strate a trend which indicates that permeability and resistivity 
are related, and that it is possible to use this relationship 
to describe areal variations in the caprock's permeability.
Figure 35 indicates that permeability and resistivity have the 
following empirical relationship:

jO = (300 to 1200)k”°* 33 (Eqn. 13)

where:
p  = resistivity (ohm-ft)

2k = bulk permeability (gpd/ft ) 
within a range of permeabilities varying between 0.001 to 
100 gpd/ft^.

A contour map of the resistivity of the most conductive 
caprock layers was prepared (Plate 6) employing a contour 
interval of 500 ohm-ft. When used in conjunction with Figure 
35, the map describes distributions in the caprock's permeability

2/ Note that the empirical formula developed is not 
dimensionally correct.
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ana as such it identifies those areas of the caprock which 
are the major conduits for subsurface water movement (less 
than 500 ohm-ft.)- Noteworthy is the fact that resistivity 
and groundwater level fluctuations appear to be closely re
lated. Large groundwater fluctuations occurred in areas 
where the resistivity tended to be high; conversely, limited 
fluctuations occurred in areas where the resistivity tended 
to be low. The general shape of the piezometric surface also 
tends to mimic resistivity trends; high resistivity areas 
correspond to areas where groundwater mounds have developed.

ii. Evaluation of Conflicting Borehole Records.
The electrical data were also utilized to determine caprock 
thicknesses for structural mapping purposes where borehole 
information was available but either sketchy or unconfirmed 
(Appendix B). Drilling information available for boreholes 
NE^, , SW^z SE^, and was used to prepare the structure 
contour map, however, reported caprock thicknesses varied and 
electrical interpretations were used to decipher the con
flicting records. A summary of the borehole details and the 
sounding curve interpretations used, is given in Table 5.

iii. Determination of the Degree of Saturation of the 
Underlying Sediments. The very low resistivity of the sedi
mentary section, approximately 1 ohm ft., indicates that the 
sediments underlying the caprock, where electrical soundings
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Table 5
Determination of Caprock Thickness at Boreholes 
with Conflicting and Questionable Log Records

Elev. of 
Contact

Total Thick Calculated Used at
Hole ness Reported Curve Thickness Elev. of Elev. of Borehole
No. Elev. (ft) No. (ft) Sounding Contact Location

N E ^ 6161 76 vs 130 
(6085 vs 6031) 25W* 76 6166 6090 6085

m 2~
46 vs 109 

(6125 vs 6062)
11W* 64 6143 6089

6171 12W*
13W*

20
21

6170
6161

6150
6140

6125

SW3 6138 33
(6105) 14W 31 6138 6107 6105

se4-7 6154 56 vs 75 
(6098 vs 6079)

low
16W*

43
20

6102
6150

6059
6130 6098

A 2/ 94
(6105)

19W 118 6198 6081
6199 21W* 60 6199 6129 6105

23W 93 6184 6091
6116 61

(6055) 8W ^ 40 6116 6076 6055

- Values in parentheses are respective contact elevations for thicknesses 
reported in the driller's logs and follow-up reports respectively.

- All elevations are in feet with respect to mean sea level datum.
* Indicates soundings which were determined to be equivalent.
1/ Contact and total drilled depth reported at 76 feet by the driller; 

contact reported at 130 feet in the project carpleticn report.
2/ Sandstone and shale reported at a depth of 46 ft. Contact and total 

drilled depth reported at 109 ft. by the driller; contact reported 
at 180 ft. in the project canpletion report.

3/ Sandstone reported between 56 ft. and 75 ft., no contact specified.

4/ Borehole may not have penetrated the entire caprock section; hcwever 
electrical soundings indicate that a value of 94 ft. is reasonable.

5/ This sounding did not penetrate to the lew resistivity sediments.
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were made, consist of extensive clayey deposits which are 
probably saturated. In only a limited number of cases was 
the resistivity of the sedimentary section found to be greater 
than this value, perhaps indicating the presence of coarse 
elastics.

The low resistivity of the sediments is the result of 
the high, cation-exchange capacity of the clays. In a water 
mixture where there is more water than needed to make the 
clay plastic, the exchange ions separate from the clay mineral 
in a process resembling ionization (Keller, 1977, p. 24).
The water within the sediments increases ion mobility, thereby 
increasing the conductivity of the clayey sediments. However, 
water mobility is restricted by the low permeabilities of 
these sediments and water does not drain freely except where 
open fractures and joints are exposed.
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Thermal Measurements of Groundwater,
a. Introduction. Thermometry has been employed in 

groundwater investigations to:
1) study the rates and directions of groundwater 

movement,
2) identify areas of recharge and discharge,
3) locate geologic features, and
4) model groundwater flow systems.

(Stevens et. al., 1975)
The thermal properties of water differ considerably from 

those of shallow earth materials. Water has a very high specific 
heat and a lower thermal conductivity than consolidated bed
rock. The depth, amplitude, and speed of penetration of sur
face temperature changes into a solid body is a function of 
these properties and the density of the material and is de
scribed by the material's thermal diffusivity according to the 
formula:

(Eqn. 14)

where:
X
k

c

2thermal diffusivity (cm /sec) 
thermal conductivity (cal/cm-sec-°C)

3density (gm/cm ) 
specific heat (cal/gm-°C)

(Kappelmeyer and Haenel, 1974, p.59)
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Materials with good thermal diffusivity respond rapidly to 
surface temperature changes, and, as a result, shallow temper
atures will follow closely the advance of the annual temper
ature wave derived from the surface both in time and in ampli
tude (Birman, 1969, p. 620).

Water decreases the thermal diffusivity of consolidated
bedrock by raising the material's specific heat and in-place

\

density and by lowering its thermal conductivity. The average 
thermal properties of basaltic rock and water are given in 
Table 6.

Table 6
Average Thermal Properties of Water and Basaltic Rock

Thermal Conductivity Specific Heat Density Thermal Diffusivity 
1Q~3 cal/an-sec-°C cal/gm-°C gm/an3 10~3 cm2/sec

0.211 - 0.212 2.84 - 2.89 6.38 - 6.83

0.999 0.998 1.43

(from Kappelmeyer and Haenel, 197 4)

The temperatures of shallow groundwater fluctuate seasonally 
due to the effects of local recharge of water of different tem
perature than that of the groundwater and to conduction of heat 
away from or to the land surface in accordance with surface tem-

Basalt  ̂84-4 14(50°C)
Water , _
(20°C)



ER-1982 105

perature changes. At depth, groundwater temperatures vary 
because of convective heat transfer by groundwater movement.

In general, the temperatures of groundwater in good 
aquifers, which are shallow enough to be within the range of 
annual temperature variations, display low rates of drift and 
tend to lag the advance of the annual temperature wave.

Cartwright (196 8) and Birman (1969) proposed the use of 
temperature measurements at shallow depths to prospect for 
groundwater on the basis that moving groundwater will reflect 
low temperatures, and low annual drift rates in the zone in
fluenced by the annual temperature wave.

In this study temperature profiles were measured below 
the static water level. Differences in thermal gradients, 
temperature drift, and absolute temperature are related to 
the occurrence and behavior of groundwater within the caprock.

b. Field Procedure. Accurate measurements of groundwater 
temperatures (+ 0.02°C) were made in fourteen boreholes 

during the study. A precisely calibrated thermistor was 
utilized to measure temperatures at intervals of five feet 
below the static water level. The resistance of the thermistor 
was measured with a Simpson 460 digital readout, milliamp- 
volt-ohm meter, and converted to absolute temperatures thru 
the use of a calibration chart. The equipment used was cali
brated in a constant temperature, cool-down bath over a 
temperature range of 8.80°C to 20.0°C in increments averaging
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0.02°C. The calibration resulted in a linear fit of plotted 
points over the temperature range of calibration with no point 
plotting greater than 0.02°C from the straight line fit.

Borehole temperature profiles were taken periodically 
over a four month period. The records of these measurements 
are shown in Appendix F.

c. Analysis. In analyzing the thermal records for hydro
logic significance the following points should be 

kept in mind:
1) the water in the boreholes was thermally disturbed 

as a result of pumping,
2) a comparison of the effects of seasonal surface 

temperature changes on groundwater temperatures
at depth is influenced by the position of the water 
table with respect to the ground surface,

3) early spring recharge was primarily from snowmelt 
and resulted in the introduction of water colder 
than the resident groundwater, and

4) percolating meteoric water, resulting in large and 
rapid adjustments in water levels in those boreholes 
where the aquifer's properties are poor, is not 
likely to be in thermal equilibrium with the sub
surface temperature environment and, under such 
circumstances, the water filling the borehole will 
function as temporary heat source or sink.
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Groundwater thermal measurements have been examined 
qualitatively. Analysis consists of an examination and com
parison of:

1) temperature gradients, and
2) temperature drift.

Explanations of differences noted amongst the various bore
holes examined are offered to relate cause and effect.

i. Temperature Gradients. From the temperature 
profiles given in Appendix F, it can be seen that below a depth 
of about 50 feet the influence of surface seasonal temperature 
variations and percolating meteoric water is relatively minor, 
although measurable within the accuracy and sensitivity of 
the equipment employed. Below this depth, thermal gradients 
have been compared in order to verify the general findings of 
the pumping tests.

Temperature gradients, as measured in the borehole, give 
an indication of the thermal conductivity of the formation 
adjacent to the borehole (Kappelmeyer and Haenel, 1974, p. 198) 
provided the borehole has been standing long enough to attain 
its original thermal state following drilling. The boreholes 
used in this study were drilled some three to seven years ago.

The steepness of the gradients is a function of the cap- 
rock' s thermal conductivity. The gradient will be steep (low) 
where the thermal conductivity is high; and flat (high) where 
the thermal conductivity is low. Under steady-state conditions
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where the quantity of heat flowing across a fixed boundary is 
constant, this relationship is expressed as:

k S T /£X
   _ Z * (Eqn. 15)
k, <3t /c)X

(CartwTright, 196 8, p. 396)

where:
k = thermal conductivity (cal/cm-sec-°C)

^ T og-^ = thermal gradient ( C/cm)

The major source of variation in the caprock's thermal 
conductivity can be assumed to be due to the effects of water 
filling void spaces in fractures, joints, and brecciated zones 
Water filling these void spaces can be expected to decrease 
the caprock's thermal conductivity in proportion to the avail
ability of pore space.

A comparison of thermal gradients on 27 May 1977 (below 
a depth of 50 feet) and measured transmissibilities (Table 7) 
indicates that the steeper gradients are associated with lower 
transmissibilities and that the flatter gradients are associ
ated with higher transmissibilities. Table 7 also indicates 
that there is a very smooth and orderly progression between
the steepness of the thermal gradients and the values of the
measured transmissibilities. The marked effect of water on 
the thermal gradients is a direct result of significant dif
ferences in the thermal properties of water and rock of basalt 
composition (Table 6).
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Table 7
Comparison of Thermal Gradients and 

Transmissibilities for Borehole Series 1-8

Borehole Thermal Gradient Order of-,/ Order of _/
No. 10~3 °c/ft Gradient — Transmissibility —

1.45 4 4
2 1. 30 5 6
3 1.27 6 5
4 3.38 1 1
5 2.06 2 2
6 1.85 3 3
7 1.18 7 8 3/

00 0 . 70 8 7

1/ Gradients are ordered with the steepest = 8 and'flatest =1.
2/ Transmissibilities are ordered with the highest = 1 and the

lowest = 8.
3/ Relative values of transmissibility have been assigned on 

the basis of recovery behavior during the pumping tests 
(Appendix D).

The thermal records also indicate that there is a tendency
for the thermal gradients (below a depth of 50 feet) in the
more permeable portions of the caprock to vary over time 
(borehole nos. 4, 5, and 6). The gradient adjustments can 
be attributed to the disturbing effects of temperature changes 
occurring within the upper, shallower portion of the aquifer. 
These shallow water temperature changes are the result of per
colating meteoric water and surface seasonal temperature in-
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fluences. Because of these shallov.7 temperature disturbances, 
the comparison would have been either inconclusive or fortu
itous had thermal measurements not been taken over a number 
of months to note the subtle changes in gradient. It should 
also be noted that the transmissibility of the saturated por
tion of the aquifer is being compared to thermal gradients 
measured within only a portion of the saturated zone. The 
shallov,7 thermal record may well conceal and contain the most 
important zones of permeability within the aquifer

ii. Temperature Drift. Thermal disturbances, caused 
principally by the April recharge events and by the pumping 
tests, make it difficult to isolate the effects of penetration 
of the annual temperature wave on the shallow groundwater 
temperatures. In the deeper boreholes (greater than 50 feet) 
the effects of pumping disturbances are readily apparent. An 
examination of the late March to late May temperature changes 
in boreholes 2, 3, 7, and 8 indicates that groundwater tem
peratures were increasing in-phase with increases in the mean 
daily surface temperature. The July record indicates a sim
ilar response. In early June pumping disturbed the borehole 
temperatures so that the July groundwater temperatures were 
either colder than those in May or not as warm as the March to 
May and early to late July temperature shifts might have pre
dicted. This behavior can be explained on the basis that the 
origin of the water filling these boreholes during recovery
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was from the shallower, colder zone of the aquifer, a result 
of timelag involved in dewatering during drawdown (see Analysis 
of Pumping Tests). A general decrease in the aquifer's perme
ability with depth is also suggested by this behavior. Bore
hole 6 behaved in a similar fashion; however, this borehole 
was pumped on 21 May and the thermal disturbances are more 
readily apparent in the 27 May temperature profile.

The temperature drift behavior of boreholes 1, 4, and 5 
are anomalous in respect to the other deep boreholes. The 
temperature profile of borehole 1 appears to have remained 
relatively stable during the period of interest. No temper
atures were recorded in this borehole during the month of 
March and it is therefore not possible to compare March to 
May drifts. Below a depth of about 115 feet, a general 
warming trend from May to July is indicated; above this 
depth a cooling trend is indicated by the July readings.
Within the range in error of the measurements, these observa
tions may be more apparent than real. The lack of any signi
ficant temperature changes may be an indication that the 
aquifer's hydraulic properties are fairly constant at this 
location, and that the inflow of water is from deep aquifer 
sources where temperatures are relatively stable and generally 
out of the range of influence of seasonal surface temperature 
changes.
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The thermal behavior of boreholes 4 and 5 is much more 
difficult to explain in terms of the influences of the annual 
temperature wave and pumping disturbances. There appears to 
be little correlation between the advance of the annual tem
perature wave and recorded shifts in the temperature profiles 
of these boreholes; in fact, complete out-of-phase reversals 
in these shifts are evident in portions of the record. The 
shallower boreholes A, B, C, NE^, and SW3 displayed similar 
out-of-phase behavior. The March to May cooling in all these 
boreholes can be attributed to the effects of cold water 
recharge following the April snowmelts and rainfalls and to the 
influx of shallow, seasonally cooled water from the up-gradient 
boreholes into the areas of these down-gradient boreholes.

d. Results. Qualitatively, groundwater temperature
measurements lend additional support to the findings 

of the field investigations discussed previously. In partic
ular, this independent means of examining groundwater flow 
behavior and subsurface geologic conditions from considera
tion of differences in the thermal state of the groundwater 
alone emphasizes the significance of the resistivity survey 
and pumping test results.

There is a remarkable similarity between the spatial 
distribution of variations in thermal gradients and variations 
in resistivity. Contoured values of the measured thermal 
gradients (below a depth of 50 feet) are shown superimposed
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on the resistivity contours of the most conductive caprock 
layers (Plate 6). Measured permeabilities and thermal 
gradients have already been shown to be related (Table 7).
The fact that thermal gradients follow closely the trends in 
resistivity contours is additional evidence to justify the use 
of resistivity to describe the permeability characteristics 
of the caprock in areas where direct testing waff not possible.

Anamolous temperature drift behavior, within the shallow 
portion of the aquifer, appears to be confined to those areas 
which lie within the boundaries defined by the 500 ohm-ft 
resistivity contour lines. The significance of this boundary 
was established on the basis of pumping test performance; 
however, the anamolous thermal drift behavior alone would have 
indicated these areas to be of potential hydrologic importance.

Groundwater thermal disturbances caused by pumping tests 
supported an earlier conclusion that water level recoveries 
following cessation of pumping were principally the result of 
water movement into the borehole from above the position of 
the hydraulic grade line i.e. delayed yield from storage.
These thermal disturbances also suggest a general decline 
in lateral permeabilities with depth.
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DATA SYNTHESIS AND EVALUATION

Introduction
Three hypothetical models to describe the hydrologic 

setting of South Table Mountain and a flow net - mass balance 
analysis are presented in this section for the purpose of 
synthesizing the main findings of this report. Compilation 
and integration of the data in this manner allows for some 
preliminary conclusions to be made concerning the relationship 
between the occurrence of groundwater in the caprock and in 
the underlying sediments.

Flow Net - Mass Balance Analysis
Method. In the western third of the mountain, a two- 

dimensional flow net was constructed and three flow segments 
(A, B, and C; Plate 7) comprising twenty-four flow cells were 
analyzed. This flow net analysis was limited to that portion 
of the mountain providing the greatest density of field 
measurements of piezometry, permeability, and thermometry.
The purpose of this analysis was to examine the behavior of 
groundwater flow within the caprock under the constraint 
that no flow can take place across the caprock-sedimentary 
interface. If this artificial constraint is,in fact, valid 
then the flux Q^n should approximate the flux Qout through each 
flow cell within a given flow segment.
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Assumptions. Several assumptions have been incorporated 
in this flow net analysis. These include:

1) no flow across the lava-sedimentary contact,
2) water table conditions on 8 April, 1977 approximate 

a condition of steady-state flow maintained by uni
form areal recharge as water in the upper, unsatu
rated portion of the caprock moves to the lower 
phreatic surface,

3) no flow occurs laterally across bounding flow lines,
4) a) the caprock is considered to be homogeneous and

isotropic (kv=k^=constant) for the case where Qk 
is computed and compared, and 

b) the caprock is considered non-'nomogeneous and 
isotropic ( k ^ k ^  const ant), for computation of Q,

5) where non-homogeneous conditions are considered k 
can be estimated from the results of the resistivity 
analysis (Figure 35), and

6) the map of the phreatic surface on 8 April, 1977 
(Plate 4) is a close enough approximation of actual 
water table conditions for the purposes of the analysis.

Computational Procedures. The flux across each head 
boundary of a given flow segment has been computed according to 
the formula:

Q = witsk̂ > or Qk = witgk (Eqn. 16)
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where:
3Q , Q = flux (ft /day) across each head boundary (h)

«K

w = width of the flow cell (ft) measured at the mid
section of the cell between bounding flow lines 

k, k^ = bulk permeability of the flow cell (ft/day) - a
iweighted average value of the cell's resistivity 

converted to bulk permeability 
t = saturated thickness of the caprock (ft) within

each flow cell - a weighted average value determined
from the structure contour map (Plate 3) and the
8 April, 1977 water table map (Plate 4) 

i = hydraulic gradient (L/^h; dimensionless)
L = length of the flow cell (ft) measured at the mid

section of the cell between bounding head lines

In addition the percentage loss or gain in flux across each 
flow cell was computed according to the relationship:

Q. - Q .
111 cu x 100 = % loss or gain (Eqn. 17
^in

and the change in flux per unit basal area of the flow cell 
according to the relationship:

Qin “ ^out__________  = per unit area flux across (Eqn. 18)
the lava-sedimentary contact basal area 2
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Results. The results of the flow net - mass balance 
calculations are shown on Plate 7. Two sets of computations 
were performed; the first set by maintaining a constant k 
(permeability) for every flow cell, and the second set by 
varying k in accordance with the results of the resistivity- 
permeability analysis (Figure 35).

Within flow segments A and B, the flux Q, . is consis-k in
tently greater than Q̂. except where the flow field crosses
the 6160 - 6170 head boundaries, resulting in large gains 
in over in (400% to 600%). The trends in appear
to be both laterally and vertically consistent across and 
within these two flow segments respectively. Percentage 
changes in and changes in flux per unit basal area of the 
flow cells provide the basis for comparison between flow 
segments inasmuch as no attempt was made during construction 
of the flow net to insure lateral compatibility in the absolute 
values of Q .or Q̂ .. Within flow segment C, a consistent re
duction in flux is also indicated, however, unlike segments 
A and B, no gain in t across the 6160 - 6170 flow cell
is indicated. Poor definition of the 6170 - 6180 flow cell, 
where a groundwater divide is operative, did not permit com
putation of the flux across the 6170 head boundary.

Computations of Q, where the weighted average value of 
the caprock1s permeability within each flow cell was used,
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yielded results similar to those obtained from the constant 
k computations. Within all three flow segments, both gains 
and losses in Q across flow cells are indicated. In contrast 
to the results of the constant k computations however, the 
larger gains in QQUt do not all occur within cells defined 
by equivalent head boundaries. In flow segment A a 1300% 
gain in Q occurs across the 6160 - 6170 flow cell; in flow 
segment B a 1300% gain occurs across the 6140 - 6150 flow 
cell; and in flow segment C a 4000+% gain occurs across the
6130 - 6140 flow cell. In addition the number of gaining
flow cells per flow segment, is at least three times greater 
than the number indicated by the constant k calculations.

Conclusions. Although there exists considerable un
certainties in some of the measured and estimated parameters
used in this analysis, the observed flux behavior deviates
markedly from the initial constraint of no-flow across the 
lava-sedimentary contact. Obviously the constraint imposed 
initially is invalid. Both calculated losses and gains support 
the conclusion that leakage does occur across this interface.

With the exception of the calculated gains in flux 
across several of the flow cells, the cumulative trend ap
parent from mass balance considerations is one of progressive 
diminution in groundwater flow towards the edge of the cap-
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rock. The shape of the phreatic surface (diverging flow in 
the direction of the hydraulic gradient), known decreases in 
the saturated thickness of the caprock, and the lack of visi
ble evidence to indicate extensive seepage along the southern 
rim of the mountain, support the results of the numerical 
analysis. Progressive dimunition in flow suggests that over
all the underlying sediments are at least as permeable as 
the caprock except, perhaps, where the resistivity of the cap
rock is low (<500 ohm-ft.). Approximate permeability coef
ficients for rocks and soils typical of the sedimentary strata 
represented by the Denver Formation (mixtures of sand and
clay; fractured, overconsolidated clays; weathered and un-

2weathered, homogeneous clays) range from 1 gpd/ft to less
2than 0.001 gpd/ft (Milligan, 1975). These values are com

parable to those determined for the caprock.
When some additional facts are considered, explanations 

to account for the computed flux gains offer some interesting 
possibilities for evaluating the combined sedimentary-caprock 
flow system. First, the computed gains occur almost exclusive
ly across flow cells overlying areas of low capro'ck resistivity. 
Second, temperature measurements in boreholes located with
in these gaining flow cells exhibited out-of-phase thermal 
drift behavior. Both the computed flux gains and anomalous 
thermal drift behavior could be the result of vertical compo
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nents of groundwater flow from the sediments into these high 
permeability areas of the caprock. This interpretation would 
mandate the requirement for the existence of saturated, hy
draulic continuity between the caprock and the sediments, at 
least within those areas where gains in flux occur. High 
piezometric head conditions, encountered along the northern 
tier of the mountain and in areas of high resistivity - low 
permeability, could provide the necessary hydraulic potentials 
to force the reversal in flow directions. An upper limit on
the permeability of the sediments could probably be set at

2about 0.2 gpd/ft , or the equivalent of the caprock1s per
meability where the resistivity is on the order of 1000 ohm- 
ft., on the basis that groundwater will tend to flow along 
paths which offer the least resistance.

An alternative explanation would be to dismiss the re
sults of the analysis altogether and argue that the perme
ability of the low resistivity areas of the caprock is grossly 
overestimated. This argument would have to attribute the 
low resistivities to conditions which reflect high storativity 
within the caprock but very limited permeability to drain the 
groundwater stored therein. While it is recognized that the 
magnitude of the major computed flux gains (a factor of 10) is 
comparable to the extremes in permeabilities (a factor of 0.1 
to 10 times the median value (Figure 35)) which could have been 
selected to compute Q, the author is inclined to discount this
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latter interpretation for the following reasons:
1) Precipitation in April, 1977 (totalling 2.58 

inches of moisture) resulted in an average rise 
in borehole water levels, within the low re
sistivity areas, of approximately five feet (as 
measured from stable points on the pre-recharge 
and post-recharge recession curves). If 100% of 
the precipitation over the area is assumed to 
have uniformly recharged the aquifer, then the 
calculated porosity would be on the order of 
4.8% (2.4% assuming a 50% recharge efficiency). 
Donaldson's data (Figure 34) indicates that a 
4.8% porosity for these igneous rocks would cor
respond to an equivalent resistivity on the order 
of 3000 ohm-ft. (12,000 ohm-ft. for 2.4% porosity). 
These calculated porosities are much too low to 
account for the very low field resistivity values 
obtained; and a higher porosity cannot be justified 
on the basis that the available recharge would
have been inadequate to cause the five foot rises in 
water levels.

2) The latter interpretation offers no means of 
accounting for the thermal drift behavior of those 
boreholes located within the low resistivity areas. 
Stagnant water in a zone of high storativity would
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tend to maintain near uniform thermal gradients 
over time because of the very high specific heat 
of the aquifer. The out-of-phase thermal drift 
behavior noted earlier suggests an influx of both 
shallow and deep water which must continue to flow 
through the system or else water levels in these 
boreholes would have to rise while up-gradient 
borehole water levels were falling. This is cer
tainly not the case.

Hydrologic Model Evaluation
Method. Three hypothetical, hydrologic models to des

cribe the groundwater hydrology of South Table Mountain are 
presented in this section. Each of the models presented is 
distinctively different in character and, when taken to
gether, they encompass the full range of possibilities to 
describe the interrelationship between the occurrence of 
groundwater in the caprock and in the underlying sedi
mentary formation.

The characteristics ascribed to each model are tested 
against all the available evidence. Selection of the model 
which best describes the field relationships .is based on how 
well the field evidence matches the hypothetical responses 
ascribed to each model. The models which are presented have 
been simplified by incorporating the following assumptions:
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1) the sedimentary groundwater medium is considered
to be homogeneous and anisotropic with Kv (vertical 
permeability) less than (horizontal permeability), 
and

2) the caprock is considered to be a heterogenous and 
isotropic groundwater medium with Kv equal to
and K (average value of the permeability) being 
variable.

Model Descriptions
a. MODEL I. In this model the caprock overlies an imper

meable boundary positioned along the lava-sedimentary contact. 
No flow can take place across this boundary. All discharges 
from the caprock must occur around the rim of the mountain. 
Sediments may be saturated at some depth below the base of 
the caprock because of recharge occurring along the slopes 
flanking the mountain. The storage coefficient of the cap
rock (Sc) is assumed to be much less than the storage coef
ficient of the sediments (S ), and the permeability of the 
sediments is assumed to be approximately equivalent to that
of the caprock (KC=KS) (Figure 36).

b. MODEL II. In this model the caprock overlies sedi
mentary deposits which are comparable in bulk permeability to 
those areas of the caprock where the resistivity exceeds 
1000 ohm-ft. (Ks=Kc 1000+ * Kc 100QJ  . Flow between the
two groundwater media occurs without disruption of the
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saturated flow field. Refraction of flow lines, because of 
differences in bulk or directional permeabilities between 
the two media, may occur and separation of the saturated 
flow field can take place near the edges of the caprock.
The storage coefficient of the caprock is much less than 
that of the sediments (Figure 36).

c* MODEL III. In this model the underlying sediments 
are more permeable than the caprock (KC>K ), and the upper~ 5 C

groundwater reservoir is separated from saturated sediments 
below by a zone wherein groundwater transfers occur in an 
unsaturated phase. The storage coefficient of the caprock 
is much less than that of the sediments (Figure 36).

Results and Conclusions
The results of this analysis are shown in tabulated form 

in Table 8. The level of agreement between the tested cri
teria and supporting field evidence is rated as high, moderate, 
low, or none. The results of this subjective analysis in
dicate that Model II best describes the hydrologic conditions 
present within South Table Mountain.
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MODEL I

Key features: Perched Water Table, K = K  , K <  K ,
v - v c v c  n c  v s n s

MODEL II

Key Features: Continuous Saturated Flow, K = K ,
K <  K  , K = K , ~ ^ < K  , S <kC£ •vs ns s c 1000+ c 1000 - g

MODEL III

Key Features: Disrupted Saturated Flew, K = K , 
*vs< K hs' Ks> K c' sc " . ’

Figure 36: Possible hydrologic models of South
Table Mountain.
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SUMMARY; CONCLUSIONS AND RECOMMENDATIONS

Summary of Hvdrologic Conditions
The configuration of the water table indicates that the 

flow of groundwater within the caprock of South Table Moun
tain is in an east-southeast direction with periphreal drainage 
occurring towards the flanks of the mountain in all compass 
directions. Depths to this water table are variable, ranging 
from 0 feet to almost 70 feet, depending on recent recharge 
history, the hydraulic characteristics of the caprock (specific 
yield and permeability), and the effects of topography. Both 
rapid and slow rates of recession and rise in boreho3.es were 
recorded over the time period of measurements.

Pumping tests indicate that variations in the hydraulic 
properties of the caprock are extreme. Transmissibility was 
shown to vary from near 0 gpd/ft to almost 900 gpd/ft. Over
all the caprock can be considered a poor aquifer. The bulk 
permeability of the caprock varies by at least a factor of 10^ 
from the lowest calculated value (3.4 x 10~^ gpd/ft^) to the - 
highest calculated value (2.6 x 10 gpd/ft ). Reported values 
for the permeability of geologic materials similar to those 
found in the Denver Formation, beneath the caprock, are com
parable to the values established for the caprock (less than 
1 gpd/ft2).

Resistivity soundings revealed a complicated geo-electric 
section associated with the multiple flows in the western por
tion of the mountain, and a simple geo-electric section in the
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eastern portion of the mountain where only a portion of a single 
flow (TV2) has been identified. Large contrasts in resis
tivity within the saturated portion of the caprock (86 ohm- 
ft to 8630 ohm-ft) correlated well with the results of the .

hpumping^tests and provided a means of mapping permeability 
variations across the mountain. Within the caprock, the 
areas of greatest porosity and permeability are delineated 
by a 500 ohm-ft resistivity contour line. Perennial springs 
which discharge directly from the caprock appear to be fed 
by groundwater moving through these low resistivity areas.
These zones serve as preferential collectors and conduits for 
lateral movement of groundwater and are joined more or less 
continuously to the rest of the aquifer system by a perva
sive network of near vertical columnar joints, platy joints, 
and subhori'zontal fractures.

A structure contour map of the base of the lava flows 
suggests that the distribution of seeps and springs which 
discharge directly from the caprock do not appear to be domi
nated by the presence of a regional flow gradient, but rather 
these appear to be a result of abrupt topographic adjustments

of zones of higher than average jgorosity and permeability. 
The field association of these two features suggests that 
they may be intimately related to primary depositional

along the lavj^-eedimentary surface coupled with the presence
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3 /processes— and/or post-depositional structural modifications 
such as folding and faulting.

The influence of moving groundwater was noted in the 
anomalous thermal-drift behavior and greater thermal gra- 
dients associated with the more pervious and porous portions
of the caprock. Resistivity measurements and pumping tests

\

provided indirect and direct evidence respectively to es
tablish the hydraulic significance of the observed thermal 
behavior. In the less permeable portions of the aquifer, 
where groundwater approaches more stagnant conditions and 
permeability decreases with depth-, normal drift behavior 
(albeit disturbed by pumping) and smaller thermal gradients 
were noted.

In addition, the results of a mass balance analysis, 
utilizing two dimensional flow net construction, strongly 
suggest that there is a significant component of vertical 
flow between the caprock and the underlying sediments. With
in the low resistivity areas of the caprock it is even con- 
ceivable that groundwater flow is taking place from the sedi- 
ments into the caprock. Calculated flux gains were both 
very large and occurred consistently across three flow seg
ments. Vertical flow from the sediments into the caprock 
provides a mechanism for explaining the cause for the anoma-

3/ Brecciation caused by a sudden acceleration and break
up of a partially congealed lava front as it advanced 
across an uneven and irregular surface.
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y, lous thermal drift behavior observed, and for the persistent 
spring and seep discharges from the caprock.

The flow-net analysis also indicates that the predomi
nant behavior of the flow field is one of progressive dimi
nution as groundwater moves towards the edge of the caprock.

, This dissipation of the flow field is consistent with the 
noticeable lack of caprock discharges along the southern 
rim of the mountain and in the direction of the regional 
hydraulic gradient (low resistivity areas excepted).

"r—
f Borehole hydrographs indicate rapid recovery of water
levels following recharge events. During the study period, 
portions of the caprock were filled to their maximum possible 
saturated thickness and recharge was being rejected. Else
where, precipitation was not sufficient to cause water levels 
to rise to the surface. In areas where low resistivity 
layers were detected within the saturated interval of the 
caprock, hydrograph fluctuations were subdued. It is possible 

^  $ I that during wetter years greater saturated thicknesses could
occur in areas where the water table did not rise to the sur-

were noted to be present at elevations higher than points of S?
face. Along portions of the cliff faces, caliche deposits

observed spring and seep discharges from the caprock. No
flows were observed from these higher levels, an indication
that lower than normal groundwater levels persisted within
portions of the aquifer throughout the study period.
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The hydrology of the underlying sedimentary section is 
less precisely known. The author has concluded, on the basis 
of existing evidence, that the groundwater flow system is es
sentially continuous across the caprock-sedimentary interface 
and involves only a refraction in flow components and not a 
complete disruption of the saturated flow system. Several 
lines of evidence were used in making this conclusion. These 
include:

1) the resistivity response of the sediments,
2) the results of a flow-net analysis,

'h~3) the existence of high elevation seeps and 
springs discharging from the sediments,

4) the response of the caprock's flow system to 
a regional hydraulic gradient, and

5) consideration of the possible range in permeability 
contrasts between the caprock and sediments.

Additional investigations are needed to study the hydro
logic behavior of the sedimentary environment and the ad-

' h,joining colluvial slopes, especially because these are the , rv"Jc ; ̂J ' j " s 
V .  /actual environments in which landslides occur. Specific re-^\-\ *

*commendations are cited later in this section.
Selected cross sections through South Table Mountain 

are shown in Plate 8 to illustrate the relationships between 
the occurrence of groundwater in the caprock and that in the 
underlying sediments and adjoining slopes. Hydrologic details 
depicted within the sedimentary section are intended for 
general illustrative purposes only.
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Conclusions Regarding the Relationship of the Groundwater 
System to Landslides

Introduction. Before proceeding with a discussion on 
the relationship of the groundwater system to landslides, 
the author would like to summarize and reemphasize several 
qualifying statements made previously in this report. These 
are:

1) The hydrologic observations reported on by the 
author were made over a period of below average 
precipitation. While such conditions are some
times advantageous in studying hydrologic 

4/phenomena,— they m  no way preclude the pos-
/> sibility of different interpretations based on
s  >

¥

^3 observations made during periods of average or 
' above average precipitation.
2) The author has selected a general and simplified 

model to describe the interrelationship between 
the occurrence of groundwater in the caprock 
and the underlying sediments. The model selected 
is based on a subjective analysis of all the

4/ The shape of the piezometric surface is enhanced during 
periods of below average precipitation and tends to 
reflect differences in the hydraulic features of a 
heterogeneous aquifer.
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available evidence, but the reader should re
cognize that much of these data were collected(4>

’̂r: over a single eight month period. This period
\  ’' mX  v is much shorter than would be normally accepta-/Vx C J ai /

Xa

r

"... ble for hydrologic studies.
3) No direct instrumentation or measurements of 

hydrologic conditions within the sedimentary 
and colluvial slope forming materials were made 
by the author. Although the model selected by 
the author depicts a zone of separation in 
saturated flow between the caprock and under
lying sediments for some finite distance inward 
from the edge of the caprock, the exact position 
of this point of separation is unknown. It is 
absolutely imperative that any engineering 
design, for structures or activities on the 
slopes, be preceded by measurement and collection 
of appropriate hydrologic design data found on 
the slopes. The data contained within this 
report cannot be extrapolated to substitute for 
such data collection efforts j

4) The author has incorporated numerous assumptions 
in developing a model to describe the hydro
logic setting of South Table Mountain. The 
author believes that the assumptions are valid
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when viewed in relation to their intended use 
i.e., as in this study. These assumptions 
require further testing and refinement to de
monstrate their validity.

Characteristics of Heavily Overconsolidated Clays. This 
section summarizes and reviewes current knowledge concerning 
the effects of water on the strength of overconsolidated clays. 
Worldwide experience and research into the engineering pro
perties of heavily overconsolidated clays have shown that 
the behavior of these materials are much more complicated 
than that of normally consolidated soils. An excellent 
summary of the research on the strength properties of over
consolidated clays is contained in a recent (1978) pub
lication by the Transportation Research Board, entitled 
"Landslides; Analysis and Control". In that summary the 
following points are emphasized:

1) The undrained strength of overconsolidated clays 
is greater than their drained^strength because 
the negative pore pressures in the undrained 
state develop cohesive strength in the clay.

2) The drainage of water from overconsolidated 
clays is facilitated by the opening of fissures. 
Normally, because of the intrinsically low per
meability of these materials, the time required 
to reach a fully drained condition may be many
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rv'®0| "j
nj.

years. With fissuring, this time may be re- 
duced dramatically. _ ; -

3) Fissuring may occur as a result of shrinkage 
(loss of moisture content), failures under high 
values of lateral earth pressure in relation
to overburden load, or as a result of the re- 

-lease of residual stresses following excavation
"3 or unloading. In the case of passive failures, 

confinement will tend to keep the fissures 
closed, while in the case of residual stress 
release, fissuring may be temporarily resisted 
by bonding within the soil, but with time and 

f weathering these bonding forces deteriorate 
and the fissures are free to open.

4) The strain necessary to develop a fully soft
ened (post fissuring-low strength) strength 
condition is on the order of 10 to 100% strain. 
As the water content of fully softened clays 
increases, the strength decreases to a residual 
value which is considerably less than the peak 
strength prior to fissuring.

5) Under field conditions, the long-term drained d_ 
conditions are critical. Because fissured 
clays soften and drain so rapidly, the higher

7

.
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strength of undrained conditions should not 
be assumed in design.

Implications vof the Hydrologic Model on Slope Stability. 
As stated previously, it is the author's belief that the 
existing evidence best supports the conclusion that the 
groundwater reservoir within the caprock is in saturated 
hydraulic continuity with a groundwater body contained with
in the underlying sediments (Model II, Figure 36, p. 125). 
Along the southern, western, and northeastern perimeter of 
the mountain, a zone of separation between these two ground
water bearing media probably occurs for some unknown dis
tance inward from the edge of the caprock. Along the most 
northerly boundaries, west of the Rolling Hills Country Club 
and east of Castle Rock, complete saturation between the two 
media may be continuous to a point very near the edge of 
the caprock. Colluvial debris obscures direct evidence for 
basal caprock seepage, but vegetation and wet ground sur
faces provide strong indications in support of this condition.

In Model II, groundwater transfers across these inter
vals of separation between the caprock and sedimentary reser
voirs are depicted as occurring in an unsaturated phase.
This movement is in response to potentials which are much 
more complicated than those of a saturated flow system. These 
potentials will involve components of gravitational,
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and hydrostatic-pressure, osmotic pressure, adsorption, 
temperature and chemical forces. Normally their sum is 
less than the gravitational and hydrostatic-pressure po
tentials of a saturated flow system and consequently high 
pore pressures (neutral stresses) do not develop within 
zones of partial saturation. Where groundwater flow within 
the caprock does not normally persist to the edge of the 
caprock, during wetter conditions outward migration of 
the saturated-unsaturated interface within the sedimentary 
media can be expected to occur, thus producing greater pore 
pressures within the sedimentary media and lateral stresses 
acting against the face of a slope.

Observations during the study period indicate that a 
groundwater reservoir appears to be a permanent feature of 
the caprock within the western two-thirds of the mountain.
In the eastern third of the mountain this may not be true 
and the caprock may not sustain a permanent groundwater 
reservoir. While there is no direct evidence which supports 
this hypothesis, it is believed likely because the caprock 
is very thin, and erosion of the caprock may have been 
sufficient to produce some fundamental changes in the per
meability of the underlying sediments, particularly within 
the stiff-fissured clays. These are known to strain (expand) 
and crack in response to the removal of confining loads 
(Transportation Research Board, 1978) and because of this
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they may be more permeable than the overlying caprock. 
According to the existing literature, the development and/ 
or opening of fissures, results not only in a reduction 
in shear strength and loss of cohesion but can also result 
in high pore pressures when water is reintroduced (such as 
might occur during wet periods).

\This change (due to the development of fissures) in 
permeability is fundamental because it involves the intro
duction of high fracture permeability which supersedes the 
low intergranular permeability. High level springs from 
these stiff-fissured clays were observed in areas where 
the caprock would appear to be an inadequate reservoir 
and thus incapable of providing the necessary hydraulic 
heads to produce flow from intrinsically low permeability 
materials (see Figure 22, p. 51). The presence of these 
springs is thus interpreted as indirect evidence that (• 
fissuring has occurred in at least some of these clays. ^ 7

A very large number (perhaps disproportionate number) 
of landslide-like features along the northern slopes of 
the eastern third of the mountain, from a point immediately 
north of the Gardner-Denver Pit to the eastern extremity 
of the mountain, have been identified by previous workers 
(see Plate 2). These sites correspond to where the caprock 
is thin and cannot support a thick groundwater reservoir. 
This aspect of the groundwater hydrology of the mountain
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would suggest that measures to improve the drainage of the 
open quarry pits, located above the head of the the Rolling 
Hills Country Club landslide, be given some serious con
sideration as a means of arresting the movement of this 
landslide mass. Slopes along this section of the mountain 
are probably in a post-fissured, strain-softened condition 
so that a reduction in the moisture content of these slope- 
forming materials will likely prove to be beneficial.

At this time there is no factual basis for predicting 
the net effect of caprock mining on the stability of slopes 
bordering any proposed quarry site on South Table Mountain, 
nor was it the intent of this report to provide a basis on 
which to make such predictions. Several important questions 
must be answered before such predictions can even be con
sidered. Amongst the more important considerations are:

1) What effect will the removal of the confining 
load (caprock) have on the strength properties 
of the underlying, overconsolidated clay

/-̂  horizons? Will the release of residual stresses
in these deposits tend to open fissures 
causing a fully-softened condition to develop?

2) Is there, in fact, a non-saturated interval 
separating the caprock from the underlying 
sediments for some, as yet unknown, distance 
inward from the edge of the caprock? If so,
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x what is the nature of this unsaturated interval
i.e., undrained with high strength or fissured 
and drained with low strength? What will be 
the effect of mining on the state of drainage, 
and therefore strength, within this interval 
of groundwater flow separation?

3) If fissuring occurs beneath the excavation,
jis it likely to produce a new potential failure 
[surface, deep inside the mountain, with a 
lower factor of safety than any other poten
tial failure surface presently existing?

4) If fissuring does occur because of removal of 
the confining load, and if this leads to a 
strain-softened condition, what provisions 
can be made to guarantee that water will not 
infiltrate into the disturbed sediments and 
cause further deterioration?

Again the author would like to emphasize that very little 
is actually known about the hydrologic characteristics of 
the sedimentary media, and even less about how they will 
respond to adjustments in the existing stress environment. 
These aspects of the hydrology, and associated soil mechanics 
problems, should be carefully investigated before proceeding 
with any major project, such as mining of the caprock.
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Recommendations for Further Studies
This study emphasized the examination of hydrologic 

conditions within the igneous caprock. Direct and indirect 
methods of investigation were employed and these have re
sulted in a fairly comprehensive picture of hydrologic con
ditions within the caprock. This, however, should not pre
clude the need to verify extrapolations based on the results 
of direct tests and indirect observations, particularly if 
there is reason to suspect that any phase of a proposed 
development scheme might aggravate existing hydrologic con
ditions and adversely affect the stability of the slopes 
flanking South Table Mountain.

There is also a need to investigate directly the mecha
nism of water transfer from the caprock into the underlying 
sediments and adjoining colluvial slope deposits as these 
aspects of the groundwater hydrology are germane to an under
standing of the processes involved in accelerating and/or 
triggering landslide movements.

In regards to the above, the following additional studies 
are suggested and described in order of priority as they appear 
to the author:

1) Caprock piezometry - A borehole piezometry 
investigation is recommended in order to es
tablish potential and flow conditions at depth



within the caprock. The anisotropic and hetero 
geneous nature of the caprock precludes a 
rigorous treatment of flow behavior by applic
ation of homogeneous and isotropic flow-net 
principles. In the existing boreholes, piezo
metric instrumentation could be an extremely 
useful tool for studying the nature of vertical 
components of flow between the caprock and 
sediments, for isolating zones within the cap
rock which are the major intervals of lateral V 
permeability, for establishing the significance 
of variations in saturated thickness with res
pect to caprock leakage, etc.

2) Boundary leakage behavior - Results of a suc
cessful piezometry investigation could be used 
to assist in the design of a field instrumen-

f
\ tation program to measure leakage conditions 
\across the caprock-sedimentary interface with 
minimal disturbance to the interface. The test 
could be accomplished by casing off the igneous 
section to a depth slightly below the contact, 
pumping the cased borehole dry, and refilling 
the borehole to a measured depth to duplicate 
previously determined bottom borehole head 
conditions. By adding a measured differential



head of water (or pressure) to the borehole, 
and running a constant head permeaneter test, 
it could be possible to evaluate the permeability 
across the interface under head condtions 
which closely approximate actual field conditions. 
An alternate approach would be to locate ob
servation holes, which penetrate a short dis
tance into the sedimentary section, and equip 
these with piezometers to measure head adjust
ments in the sedimentary environment induced 
from pumpage of groundwater from the caprock. 
Sediment permeability - Several boreholes should 
be drilled into the sedimentary section to mea
sure its permeability. Ideally this should be 
done at several locations within the mountain 

^ to study the relationship of caprock thickness 
to sediment permeability and to determine how 
sediment permeability varies because of posi
tion with respect to the edge of the mountain. 
Borehole resistivity logging - Resistivity 
logging of the existing boreholes and any ad
ditional boreholes could be used to verify the 
results of the resistivity soundings undertaken 
in this study. In addition, these could be 
used to isolate the zones of major porosity
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'y and permeability within the caprock. Measure-
° //-

^ m e n t s  of the salinity or conductivity of the
'-J ^

vMv. groundwater would be useful for extending the
■'sj

results of the resistivity-permeability re
lationships developed in this study.

5) Slope moisture conditions - Direct investi
gation of slope moisture conditions is re
commended. Augered holes, set with perforated 
casing, should be employed to make periodic 
measurements of water levels within the slopes. 
These measurements could prove useful in eval
uating and possibly isolating the effects of 
slope exposure, groundwater conditions within 
the caprock, and precipitation on the overall 
moisture conditions within the slopes.

6) Expansion of the borehole network - Within 
the eastern third of the mountain, it was not 
possible to measure depths to the water table 
or to observe the response of the water table 
to precipitation. A few, well-spaced boreholes 
in that area are needed to provide this ad
ditional information.

7) Additional pumping tests - Additional pumping 
tests are recommended in those boreholes which 
could not be pumped during the study because
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of adverse borehole conditions. Inexpensive, 
calibrated, bailer-type tests, slug-injection 
tests, or the more sophisticated pumping tests 
(following cleaning) could yield additional 
information to verify or refine extrapolations 
of the caprock's hydraulic properties based on 
the results of the resistivity studies conducted. 
Two cased boreholes, one south of Castle Rock, 
and the other south of the Gardner-Denver pit, 
(Plate 1) were found and might have been used 
as water supply wells at one time. These are 
now filled with stones and debris. If these 
can be reopened (by jetting) then an inexpen
sive source of additional information could be 
made available.
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Appendix A

STRATIGRAPHIC SECTIONS 
LITHOLOGIC DESCRIPTIONS AND 

GENERAL ENGINEERING CHARACTERISTICS 
OF THE DENVER FORMATION 
SOUTH TABLE MOUNTAIN

In order to better acquaint the reader with the general 
geologic setting of the study area and the nature of the sedi
mentary units dealt with in this report, a generalized strati- 
graphic section of the Golden area, Colorado and three detailed 
stratigraphic sections, measured along the flanks of South 
Table Mountain, are reproduced in this appendix.

Various engineering properties and characteristics of the 
sedimentary units comprising the Denver Formation, both within 
the study area and regionally, have been measured and described. 
The findings of these studies are also summarized and repro
duced in this appendix.
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TABLE A-4

Frequency And Occurrence 
Of Soil And Rock Groups 

Between 5600 And 5700 Feet Elevation 
North Side Of South Table Mountain 
(SW k, Sec. 27, T. 3 S., R. 70 W.) 
(See Plate 1) (From Snyder, 1977 )

Soil or Rock Group Frequency of Occurrence
Clay shale 22.6%
SC-CL* 12.5%
Clay 12.3%
SC 10.6%
GW - 9.5%

Sand with clay 8.6%

Sandy shale 6.5%
Shale 6.3%

GC 2.9%
Shale and sandstone 1.7%

Rock 1.6%
CL 0.8%

GW-GC 0.6%

*Unified Soil Classification Nomenclature (see Table A-5).
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Engineering Characteristics Of the Denver Formation

General Description (from the Committee on Denver Subsoils 
of the American Society of Civil Engineers, 1954)

"1. Claystone that is brown and highly fractured.
This material, when freshly exposed, has a smooth texture, 
and can be easily scratched with the fingernail. It 
probably represents a weathered zone at the top of the 
Formation. It can be excavated with air spades, picks, 
and, in some cases, is sufficiently soft to be cut by a 
power auger.

2. Sandy claystones and sandstones that are brown 
and have some fractures. This material generally is 
fairly hard when exposed, and resembles Material No. 1, 
except that it is gritty and is weakly cemented. It 
usually occurs in very thin streaks and lenses in hard 
brown claystones. These interlensed hard sandstones 
and claystones may represent facies of . . . channel
sandstones.

3. Claystone that is blue and soft. When freshly 
exposed, this material has a smooth texture and can be 
easily scratched with the fingernail. It is commonly 
referred to in the logs as blue clay. It is very compact 
and tends to air-slake when dry. Usually, it is not easily 
cut by ordinary excavation equipment or power augers.
This material seems to occur in thick layers, with occa
sional blue sandy phases.

4. Siltstone and Claystone that is blue and hard.
I This probably represents the hardest material to be found 
within the influence of any footing pressures in the Denver 
Formation. When freshly exposed it is very hard and not 
easily scratched by a fingernail. It is incipiently 
fractured, and when air-dried, tends to break into small 
irregular chunks. Occasional slickensides are found, and 
it may be interspersed with Material No. 3. Sometimes 
this material is improperly identified as a blue clay; 
however, microscopic examination shows much of it to be a 
siltstone or claystone. It cannot be cut by ordinary exca
vation equipment or power augers, and usually requires a 
rotary drill for penetration during boring.



It is not uncommon to find laminations in these 
materials, although generally, they tend to be massive. 
Material No. 3 tends to overlie or be interlensed with 
No. 4; and No. 1 commonly overlies No. 3 and No. 4.
The Committee has not observed, however, No. 2 in direct 
contact with any of the 'blue' materials in the Formation. 
(The color 'blue* frequently is used to describe grayish- 
black, gray, bluish-gray, and other dark-colored materials 
in the Denver Formation.) In addition to these aforementioned 
major types, various other sandy and silty phases often are 
found. Furthermore, . . . the hard siltstone or hard
blue claystone may contain soft zones composed of either 
clayey or silty materials. This irregularity in hardness 
was further pointed out by the variance in blow counts 
whenever a penetration spoon was used in the Denver Forma
tion. In some cases, these counts ranged from as low as 
6 to as high as 400 blows per foot. The soft zones do not 
seem to occur at any particular depth, and may be found 
relatively close to, or as much as 80 feet below, the bed
rock surface. The greatest noted thickness of such a soft 
layer was 2 feet."
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Miscellaneous Data (from the American Society of Civil 
Engineers, 1954)
Characteristics of Expansive Clays (Denver Area)
46^Liquid Limit ....................  45 - 65%

Plastic Indices   25 - 35%
Moisture Content ................  14 - 18%(Slightly below

plastic limit)
Swelling   3 - 10% of initial volume
Unconfined Compressive Strength.. 5000- 15,000 lbs/ft

2Note: Imposed pressures of 3,000- 10,000 lbs/ft 
required to keep soil from swelling.

Characteristics of bentonitic claystones, silty 
bentonitic claystones, friable sandstones, and 
calcareous sandstones (near Cherry Creek Reservoir)

2"Unconfined Compressive Strength.. 28,800-288,000 lbs/ft 
Blue Siltstone (from quick triaxial shear test)
Angle of internal friction ..... 0°
Cohesion ......................... 14,000- 30,000 lbs/ft2
Brown Claystone (from quick triaxial shear test)
Angle of internal friction ..... 0°
Cohesion ......................... 6000- 20,000 lbs/ft2

Additional data contained in report by Snyder (1977)
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APPENDIX B

LOGS AND RECORDS OF BOREHOLES 
ON SOUTH TABLE MOUNTAIN

Two series of boreholes have been drilled in the 
western portion of South Table Mountain for the explicit 
purpose of evaluating the aggregate potential of the 
caprock. The available logs and records of these bore
holes are reproduced in this Appendix. The locations of 
these boreholes are shown on Plate 1.

Borehole Series: NE, NW~ SW^ SE. Qc

This first or earliest series of boreholes, was 
drilled in late 1969 by Everist, Inc. The records of 
these boreholes are sketchy and incomplete, and a post
project report of the results of the drilling activity 
is not in complete agreement with the information con
tained in progress reports submitted by the drillers.
Both the interim progress reports(driller*s records) 
and the post-project report were made available to the 
author for examination. Cores of the drilled boreholes 
were not available for examination. Lithologic descrip
tions of these boreholes are given as reported and are 
annotated where discrepancies between the interim progress 
reports and the final report occur.
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Borehole Series : 1 through 8

This second series of boreholes was drilled in late 
1973 for Mobil Pre-Mix. Detailed descriptions of the 
lithologics and physical properties of the cores recovered 
from these boreholes were prepared by geologists working for 
Intrascarch, Inc., and were made available to the author for 
examination. The descriptions of the cored sequences contained 
herein are modified somewhat from the original descriptions in 
that the relative spacing, intensity, and orientation of joints 
and fractures have been recorded and, where necessary, the 
original descriptions have been modified or expanded from exam
ination of the cores by the author.

Borehole Series : A,B,C,D

These boreholes were drilled for the purpose of equipment 
testing and no logs or records of these are known to exist.
The letter designation used for identification purposes is that 
of the author.

These boreholes were utilized for water level and water 
temperature measurements only.
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Hole No : NE Date Drilled: December, 1969

Location 
Drilled for 
Drilled by 
Total depth

South Table Mountain (see Plate 1)
Everist, Inc.
Everist, Inc.
76 feet Surface elev.: 6160 ft a.m.s.l

Depth Interval Description (from driller’s log)
0 - 1 0  feet Good rock
10-76 feet Rock hard and soft

76 feet Shale (lava-sedimentary content
as reported by drillers)

Additional Notes (from driller’s log)
23 - 25 Feet Weathered rock
35 - 65 Feet Soft rock w/blue vug holes

Note :
Lava-sedimentary contact reported at 76 feet by 
drillers.
Lava-sedimentary contact reported at 130 - 136 feet 
in project-completion report.
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Hole No : NW. Date Drilled: December, 1969

Location 
Drilled for 
Drilled by 
Total depth

South Table Mountain (see Plate 1)
Everist, Inc.
Everist, Inc.
109 feet Surface elev.: 6171 ft a.m.s.l

(approximate)

Depth Interval
0 - 1 0  feet 
10 - 42 feet 
42 - 46 feet 
46 - 62 feet 
62 - 102 feet

102 - 109 feet

Description (from driller's log) 
Hard rock
Rock hard and soft
Soft weathered strata (water loss)
Red and weathered sand
Dark grey sand and shale 
(a few narrow strata of shale)
Weathered and decomposed rock 
(lava-sedimentary contact as 
reported by drillers)

Notes :
Lava-sedimentary contact reported at 109 feet by 
drillers.
Lava-sedimentary contact reported at 180 feet in 
project-completion report.
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Hole No : SW. Date Drilled:

Location 
Drilled for 
Drilled by 
Total depth

South Table Mountain (see Plate 1) 
Everist, Inc.
Everist, Inc.
34 feet Surface elev.: 6138 feet a.m.s.l

Depth Interval
0 - 1 0  feet 
10 - 16 feet 
16 - 34 feet

Description (from driller's log)
Very bad material
Rock soft and badly fractured
Rock*very soft (lava-sedimentary 
contact reported by driller at 
approximately 30 feet)

Hole No : SÊ

Location 
Drilled for 
Drilled by 
Total depth

Date Drilled: ?

South Table Mountain (see Plate 1) 
Everist, Inc.
Everist, Inc.
75 feet Surface elev.: ?

Depth Interval
0 - 3 5  feet 
35 - 70 feet

Description (from driller's log)
Slightly decomposed rock 
Good rock

Additional Notes (from driller's log)
56 - 75 feet Red sandstone - no water loss 

(lava-sedimentary contact not 
specified)
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BOREHOLE NO. 1 DATE: 9/73 SO
LOCATION: South Table Mountain
DRILLED I'OR: Mobile Pre-Mix 85 -

DRILLED BY: Boylea Brothers 90 .
TOTAL DEPTH: 175 feet
SURL'ACE ELEVATION: 6256 fact a.m.m.l. 95

0 100 m m
*PC(OR WEATHERED LATITE

5 . _ _  . 105 . -e.
LATITE HARD

10 - ■ no J. SAME RK. FRACTURED
/ AND WEATHEREDOCCASIONAL RED LAYER \

15 - 115 3̂ - RED ZONE W/LG BI.K
/ • XTALS OF AUGITE
v BLR TO GRH-BLK RK20 “ LATITE HARD 120 7 “ TV-, “ XTALS SMALLER

TV SEVERAL LT RED ZONES
i,

2 ^ WEATHERED25 “ 125 RED & HIGHLY FRAC
MAY BE WEATHERED ZONE
OF MIDDLE FL0W-TV230 “ a - 130 -

35 Note: FIRST 110 FEET 135OF CORE NOT
AVAILABLE FOR

40 EXAMINATION BY 140THE AUTHOR a

45 - - 145 c. c33 -

50 - - 150 ■ " SUB-HOR FRACTURES
/ FRAC ZONE-WITH SOME

55 __i7 155 / - - WEATHERING
/ HIGH ANGLR FRACTURES

60 - 160 i - f -
7 BOTTOM OF LATITE FLOW

TUFFACEOUS ROCK-SOFT
65 - 'r - 165 - W/FRAGMENTS &

a INCLUSIONS
8 CARBONACEOUS MATERIAL70 170 • Ou -

.JL. BOTTOM OF HOLE75 175

80
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0 n i T C • 1 A /» 1 O ABlIREHC LE NO • x u a i &: i u / J oU

LOCATION: South Table Mountain 

DRILLED FOR: Mobile Pre-Mix
85 -

DRILLED BY: Boyles Brothers 90 -

TOTAL DEPTH: 173 feet
95

THIN, HIGH ANCLE, 
CLEAN FRACTURE
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50
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BOREHOLE NO. 3 DATE: 10/73 w
LOCATIONS South Table Mountain a HOR FRACS U/CALC

DRILLED FOR: Mobile Pre-Mix 65
>

DRILLED BY: Boyles Brothers - TV.
BO POSSIBLE DIVISION

TOTAL DEPTH: 145 feet r2 BETWEEN FLOWS
i CALC IN FRACS

SURFACE ELEVATION: 6243 feet a.a.s.l. 95

o loo 3
—7" * HIGHLY FRAC AND
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5 ✓i -POOR - FRACS 105 ■ ■

10
/
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BOREHOLE NO. 4 DATE. ,/73
LOCATION: South Tabl* Mountain
DRILLED FOR: Mobil* Pr*-Kix
DRILLED BY: Mobil* Pr«-Mix
TOTAL DEPTH: 94 f**t
SURFACE ELEVATION: 6199 C*«t a.m.s.l.
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SOREHOLE HO- 5 DATE: 10/73

LOCATION: South Table Mountain

DRILLED FOR: Mobile Pre-Mix

DRILLED BY: Boylea Brothera

TOTAL DEPTH: 101 feet

SURFACE ELEVATION: 6180 feet a.m.a.i.
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BOREHOLE NO. * BATE I 11/73

LOCATION: South Table Mountain

DRILLED FOR: Mobil# Pre-Mix

DRILLED BY: Boylee Brother#

TOTAL DEPTH: 178 feet

SURFACE ELEVATION: 6198 feet a.a.e.l.
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BOREHOLE NO. 7 DATE: 11/73 80

LOCATION: South Tabl« Mountain
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DRILLED BY: Boyles Brothers 90 - -
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APPENDIX C

BOREHOLE HYDROGRAPHS AND PRECIPITATION RECORD 
SOUTH TABLE MOUNTAIN

Precipitation Gauging Station
Precipitation data, utilized in this study, were obtained 

from a gauging station located approximately 1 mile east of 
the study area at latitude 39°45* N; Longitude 105°081 W. The 
rainguage is located at an elevation of 5637 feet above mean- 
sea-level datum.

The station is operated by the Denver Board of Water 
Commissioners. It is included in the National Oceanic and 
Atmospheric Agency*s network of gauging stations, and is 
listed under Index No. 4762, DIV 04. Readings are taken 
daily at 9 A.M. for the 24 hours preceding.

Only values of precipitation greater than 0.10 inches 
are shown in the accompanying graphs.
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APPENDIX D

DRAWDOWN AND RECOVERY GRAPHS OF PUMPING TESTS 
SOUTH TABLE MOUNTAIN

Notes to accompany pumping test graphs

Arithmetic graphs
Drawdown and recovery curves are graphed against 

observed drawdown (feet) versus time (minutes) since 
pumping started and stopped respectively.

Log - arithmetic graphs
Drawdown curve is plotted against log of time 

(minutes) since pumping started versus drawdown 
(feet).

Recovery curve is plotted against log of time 
since pumping started divided by time since pumping 
stopped (t/t1) versus residual drawdown (feet).

Portion of recovery curve used to calculate 
transmissibility is shown as a dashed line. 
Extrapolation of dashed line to the point of zero 
residual drawdown was used to establish ratio of 
S/S* (see main text for discussion of pumping 
tests).
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ER-1982 196

APPENDIX E 

ELECTRICAL RESISTIVITY SOUNDING CURVES
SOUTH TABLE MOUNTAIN



Ap
pa
re
nt
 

Re
si

st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 197

10

210

IE

110 1 21 0 1 0

•a* Spacing (feet)



Ap
pa
re
nt
 
Re
si
st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 198

10

210 1 21 0 1 0

fa* Spacing (feet)



Ap
pa
re
nt
 

Re
si
st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 199

210

8E
10E

110 1010
•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si

st
iv

it
y 

(o
hm

-f
ee

t)

ER-1982 200

10

H E
12E

10 1 21 0 1 0

•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si

st
iv

it
y 

(o
hm

-f
ee

t)

ER-1982 201

10

10

15E
16E
18E
17E

10
1010

•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si

st
iv

it
y 

(o
hm

-f
ee

t)

ER-1982 202

10

20E
19S
22E
21E

10

10
10 10

*a' Spacing (feet)



Ap
pa
re
nt
 

Re
si
st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 203

10

210

25E

110
1010

•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si
st
iv

it
y 

(o
hm

-f
ee

t)

ER-1982 204

10

210 21 1010
•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si

st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 205

10

210

2W

110 21
1 01 0

'a* Spacing (feet)



Ap
pa
re
nt
 

Re
si

st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 206

10

8W

210 1 21 0 1 0

•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si
st

iv
it

y 
(o

hm
-f

ee
t)

ER-1982 207

10

210

11W

10W

110 1 2
1 0

•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si

st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 208

210

12W
X 13W 
a 1UW
a 15W

110
10 10

•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si
st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 209

10

210 21 1010
•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si
st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 210

10

X 19W
• 20W
a 21W

210
1010

•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si
st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 211

10

210 21 1010
•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si
st
iv
it
y 

(o
hm

-f
ee

t)

ER-198 2 212

10

10

10
1010

•a1 Spacing (feet)



Ap
pa
re
nt
 

Re
si
st
iv
it
y 

(o
hm

-f
ee

t)
ER-1982 213

10

29V/
30W
31W H X

210 21 1010
•a* Spacing (feet)



Ap
pa
re
nt
 

Re
si
st
iv
it
y 

(o
hm

-f
ee

t)
ER-1982 214

10

32W
33W
3^w

10

10
10

•a* Spacing (feet)
10



Ap
pa
re
nt
 

Re
si
st
iv
it
y 

(o
hm

-f
ee

t)

ER-1982 215

..... . 1 1 1 1 11 1 "' 1 1 1 I I I
m

X 35W 
• 36W

------ ----- ,--- -—

^  : 

* * * A  *

^*
- 5^^
— •

i , i  i i _ j— i— i— i—

_ /i\• \ _ # \ "
N. J  X

\  *

V
- , . L_ll*_

101 102
•a* Spacing (feet)



TA
BL

E

ER-1982 216

w VO 00 00 xa, OcJviHtHr~crvnroror-ioo rH fH r—i VO

'_sp .pVH
fH Mt
in
pI-a £5

>14J•H>-H■PW -H 
1A Q) U a

*o il

-P
^  **■< 1

T3

VO CN 8

to
(Ad)Cu•HX■p

-p

V £ (N 03 31 
CN fH  rH

Ocn'TcnOcncnh'Q nt in in Cn ov vo

ov o
r l  N  H

in cn
CN f-H CN

H3

T3

O^ ' Q O O c n O C T v O O Q c N i n i n H ' Q^ f O O r n c N v o r —i>—t ' * r v o i n c N ^ r ' H v n r nN i n ® H O M O i n v o ,cinmvcooN(N
m r r i —ii—i r ^ c N O " —t < N o o o o m v D i n L n ' 3 ' i n  

r— i m C N C N i —I O O i —I CN rM CN fN

°6 iS3
m r n r o ( N ( N f M r o ^ r m m r s i r o c N f N r n r n m

£  4->
a)w

CNt^OcNLni-ivovDr^rovoinvOrHoorovo ■ — —  —  w . ^ m c n m r n m m N ' m c N i N i Ns 2 § S S S S 8 S 8 S 8 S

t q w w w w w u w u u y wHCNfnN’ invon-oocnO'-lfN w w w w wro xt in vo p*



TA
BL
E 

E-
1- 

SU
MM
AR
Y 

OF 
EL

EC
TR

IC
AL

 
RE

SI
ST

IV
IT

Y 
SO
UN
DI
NG
 

IN
TE

RP
RE

TA
TI

ON
S 

- 
co

nt
in

u*

ER-1982 217

incNOinrnr^inaor'-H‘ t'~-*r

inI,3
-p^ V£

vo g  
vo

O

•o &

vo oo O O
H  IN N  ®OV U\ ^ H

fH CN

rH T* 00 cn
fH CN fH fH

8 8
cn m 8 3 8Q cn Oin iH

iH CN m n  h 1

-P
D*—1USi T3 £a

L n o o Q c \ i O c n c n Q o o i N Q O ° o•"crcNinvocN^f^-voiHOinr^ov^HaoH-Lnr^cNcNr'voovH'fHCH

cNvoH'r'roinooincNinoocNO
CN CO CN CO i H .H iH tH fH

in O ov on On 
f—l VO fH

fH 00 O
VO

M-l Wpi I ,

° i cn

S3
8

P 60
28

rHw

Cu
rv
e

No
.

18
E

cocncncoincncococococncoco co co

QOVtHr^OOlOCOr^lOrHt^'a'
S S S S S S ® 8 8 S S 8

f H f H C N C N C N C N C N ( N C N C N C N C N < 0

VO 00 in O  go a?

5 S S I 5

608
2 

5 
3 

185
 

36 
277
 

4 
14 

36 
28
50

612
1 

 
 

da
ta
 

too
 

er
ra
ti
c 

to 
pe
rm
it
 

la
ye

re
d-

mo
de

l 
ev

al
ua

ti
on



TA
BL
E 

L-
1-

SU
MM
AR
Y 

OF 
EL

EC
TR

IC
AL

 
RE

SI
ST

IV
IT

Y 
SO

UN
DI
NG
 

IN
TE

RP
RE

TA
TI

ON
S 

- 
Co

nt
in

ue
d

ER-1982 218

4— N.
u 4J
iH si
in
H
I -o ij
3

-p

' 3

-p

' 5

-p
* 3

'v 4J

■p

•d £

VP W
S3

r"- cn I cn cn r̂ - I *j* O  I I I I cn I I
CN rH rH rH CN

0)T30 
E1T3Q>
P0)

8 i s
O iH cn

E
P•n1 Q)04
O
-P

8 ■§ 8
CN -P rHrO cn 

P 
P 0)VO VOm O cnO 
-P
(0 
•P (0

8 2 
r -  rH

O cn ^  in 
co <o

rH cn ov oo
<Tt rH

O O vo

oo ^ 2
Ov CN 00 

VO CN

2 8 8 cn oo

O O O m r>•'T ctn cn cn O oo

8 ' o 8 S 8 ^ 2 S 8
rH rH CO

c n r - O O O O c N O O  . _  vo r~~ <n  o  on m r~ <nrHrHrHCNCNcncNoocn^rn'in
n* n* r~ O  O 1—1 co c N v o O o v o o m c n c N v o

CN CN CN

c n c n c n c n m c n i n c n c n c n c n c n i n m c n c n

CN VO r- CN cn o rH 00 8 vo cn 00 00
4-J TT r-i CN •H in o ■*r c- VO cn rH cn rH o> CN(6 iH rH rH rH 8 rH rH rH rH I—I rH rH rH CN rH CN
> it3w

VO VO VO VO VO VO VO vo VO VO VO VD VO VO

r H r H r H r H i —I r H r H r H r H r H C N C N C N C N 24W
 

618
0 

4 
4 

130
0 

15 
270

0 
82 

12
00



TA
BL
E 

E-
l 

- 
SU
MM
AR
Y 

OF 
EL

EC
TR

IC
AL

 
RE

SI
ST

IV
IT

Y 
SO
UN

DI
NG

 
IN

TE
RP

RE
TA

TI
ON

S 
- 

co
nt

in
ue

d

ER-1982 219

I oo in ro

■P

' I

-PO M-t

vo £

•H9.1

•P* V3

-P 8

Q)T30 E1T3<UP<DnJ
■P■HEPQ)a,o■p
u
•H
■P(0
P
P0)
oo-p
•prn
T3

s 2 § OVO s £ g 8roCO Q 00 u5 CN 1—1 CO o> 04vo O CN ro iH

m in in coCO 1 00 (Xi

CN CO CO CD t H

ro ro ro cn ro ro ro ro

lO fH fQf 00 in r~ in in co CN r-
VO CO <T\ ro CO rH oc rH ro CD CN rofH fH O H fH CN fH (N <N CN ro CNCO co CD CO CO co CO CD CO CD CO CO

£n (I £  H  ^
CN CN CM CN CM

S  3: Sto vo ro m m m ro ro



ER-1982

<N|

■25 ̂-P rrt
3gti
§1*8

>|
in
■3"

mCN vo 8 8 8 oCN 50
2 CNin XTin Ovo InCN CNCN in

XT
xrcncn in r-

rH S 'TCN in t" XT
rH

r-m cn vo cn 8

< w 
EhW W Eh Q  PIO W 

CO CO 
W  2 
*  
U  
H  
X  Eh
X

8

Eh 
CO W 
Eh
W UW X PI X
§
H
D
O
W

1!
i!5 g
*4Ho 
£
3 5
S|
i s
l y w
P i
e u“H m

&«Su qj ̂

in in vo
x r  cn r "cn in r- 8 0 O O cn CNcn cn cn o m S Q cn in in cn 'T

c n x r i o o o m r ' - r o ^ r
C N C N C N C N C N C N C N C N

m oo o >-h
cn cn cn rn

OV rO CN CN
■H o  rn  in a

O D o O D D W D D O H D D D D O

r o r n c n c N C N C N f n ^ T m p o c N c n c N C N r o r o m

a a s s a s s s a g a a i s s a s s

220



ER-1982

fM|

*8 3Sgu
^  oo O O Oin in n  si nro oo 'T rH r~

r o v c o o O Q O O O^ r > H ( N ( N ® L n i 7 ) o or—i (M H rH 8

%v a>,— > mM-. Tj g,
i ¥
588
Sis#
cn 
&

V

" 8 8 8 ro vo oo O^ H N' N(N ct\ O'* s s sI—I ■*T CMCN tH s

p w
g 8S u4-1 d)
. cn g03 Jj

cn cn in
O m <-i r-  ro CN CN CN

o 00 00 00 ro cn tH cn Q  mf" oo o

P D D D D D O D D D D 3 D

cn|
VMcn0 3-10)>.

No a
\r o c N C N r o c N r o r o r o r o r o c N r o r o ro N" ro

W U U U W W W W W W W W  oooNOHcNro^inior'OOcn i—I f —I C N C N C N C N C N C N C N C N C N C N

221



ER-1982

£
IN O oo ro i-h q  vo >-hin n  w  to oo h

vo vo VC Ov o

> P mh ‘i 8?
t t S•H
5 °
W § ua r

<§3

w £>
R u us 8ro w JjU Oj ̂  c

£

u
>4-1 in0 U0)
0z t-S

r-r-
CN

■C0 27
0 1c0•rH •H+J 4-1(0 roro 0rH rHro ro> >ro <D

»—i rH0) 0)T3 roJO 0E E|
CN roj r- 1■oin <y vo (UP u0) d)>4 >1ro rorH (—1

+J 4->■H •H£ Eud) 0)04 a
0 o

80 4-> r~O 4->
o rH o•H ■r|4-> 4->ro rou uu m<u d)
0 00 0W +j w 4J

O ro •. ro«. -p 4->D ro roT3 T)

a VO CN LO

6■*r oo ro o <H rHI
^  < f  VD IN N  n

o  o
CN

00 oi—i vo

D D D D W W

S'

ro ro ro ro ro ro ro ro ro ro ro in

5 S 5 S * * g 3 S S ? S S ? S g g

222

21W
 

5 
KHK
 

U, 
E, 

E 
60 

96 
137
 

13
7



ER-1982 223

<N|

I b#
■* ^  b 
111

> >-iiw 5>otf if 
>,3 ^3fi1S ti 8-mfiu
ar

Ifl Q  O  (NCM O  O  >£>CO CN (N i—trH rH CN

O mcr\ CN
O oo

8 8 CN CN

in
8 8 § 8 8 8 8r» ro —  —  —  -co 2 00 TP CPi CN cn cn io

8 8 8 8 8 8 8 8 8  t ^ r o Q o o ^ r c T i C N Q c N  
00 4  (N Ol ID 00 rH

00 IDcn r~
(1)
T3
0 61
TD
<1)
<U
>i(0

00 TPcm in

<-* U *He u >t-1 UJ

6
0)cu
o
-P

ID n  IN ro
H  CO Oi O
N  H  rH

D  D  3  D D O D D

* W X  ̂O X «

ro ro ro ro ro ro ro ro

£ i $ i | j n < D £ < i o i *N N C M N N N N N S U  I 5 §ro ro ro ro ro ro



!_/ 
Ex

pl
an

at
io

n 
of
 

Ty
pe

 
Cu

rv
e 

No
me

nc
la

tu
re

 
Us

ed
.

ER-198 2 224

A

££
tr, .S') n

h u x» u u hi u
V 0> 0t o 0) ro►» >> >> >» >» >~.CO CO CO CO CO CO COHH •h «H ĥ
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APPENDIX F

PROFILES OF GROUNDWATER TEMPERATURES 
IN SELECTED BOREHOLES
SOUTH TABLE MOUNTAIN
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