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ABSTRACT

Geologic and lineament maps, water-well hydrographs, 
and existing well data were used to study the configuration 
and seasonal fluctuations of the ground-water table, and 
the geologic controls on the occurrence of ground water in 
the Shaffers Crossing area and vicinity near Conifer, 
Colorado.

Joint densities vary with strike and lithology. 
Densities are largest for NW-trending joints and in igneous 
dikes and sills. Densities are smallest in sillimanite 
schist, main bodies of quartz monzonite, and biotite 
gneiss; they are intermediate in skarns and satellite 
bodies of quartz monzonite .

The bedrock aquifer can be characterized as an 
unconfined porous medium. Less-permeable zones, which may 
be fracture zones, impede ground-water flow. Maximum and 
minimum ground-water elevations tend to occur in late 
spring and winter, respectively, reflecting seasonal 
precipitation and temperature patterns. Topography has 
little effect on the amount of water-table fluctuation. 
Water-table fluctuations and variability are least in 
biotite gneiss.

The median well yield is 2.5-3 gpm. The best yields 
are located above the 300-ft (91-m) depth due to decreasing

i i i
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permeability with depth. Differences in the rate of 
decrease due to lithology are small; therefore the 
differences in well depth with rock type tend to be 
minimal. Well yields are greatest in valleys and draws and 
where alluvium is present; yields are least on ridges and 
saddles, and in migmatitic sillimanite gneiss. Well yields 
are not affected by proximity to fold axes, but are 
enhanced for wells located approximately 100-200 ft (30-61 
m) from photo lineaments.

Typical transmissivities and hydraulic conductivities
of gneisses and migmatites may range from 1-1000 gpd/ft and 

20.1-30 gpd/ft , respectively. Silver Plume quartz 
monzonite may be several times more transmissive than 
gneisses and migmatites.
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INTRODUCTION

Purpose and Objectives 
Mountain communities located west of Denver, Colorado 

are dependent upon ground water for domestic use.
Continuing development has resulted in increased demand for 
this limited resource, and has prompted numerous laws 
regarding water use, as well as studies regarding ground
water flow systems and water availability.

The purpose of this thesis was to study the 
hydrogeology of the Shaffers Crossing area and vicinity 
near Conifer, Colorado in anticipation of continued 
suburban development. The study area is underlain by 
igneous and metamorphic rocks. Specific objectives 
included :

1. To define and observe the temporal fluctuations over a 
one-year period of the ground-water potentiometrie surface 
or water table.
2. To determine the relationships between the temporal 
behavior of the water table and two variables: rock type
and topography.
3. To examine the lithologie controls on joint density.
4. To determine the variation of permeability with depth.
5. To determine the relationships between rock type.
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topography, and structure and well yield, well depth, and 
depth to the static water level.
6. To determine feasible values of transmissivity and 
hydraulic conductivity for fractured igneous and 
metamorphic rocks.

Location of Study Area 
The study area is approximately five square miles in 

size, and is located approximately sixteen miles southwest 
of Denver, and about two miles southwest of Conifer, 
Colorado (figure 1). Elevation within the study area 
varies from a high of nearly 9900 ft above mean sea level 
(M.S.L.) in the northern part to nearly 7800 ft M.S.L. in 
the southern part (figure 2). Geomorphically, the study 
area is characterized by well-dissected rolling hills of 
considerable relief (figures 3 and 4). Much of the suburban 
development has occurred along steep hillsides and on 
ridgetops in the northern half of the field area (figure 
4) .

Procedure and Methods 
The following general procedures were used :

1. aerial photo analysis,
2. field geologic mapping and measurement of joint
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FIGURE 1. Study-area location maps.
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FIGURE 2. Topographic map of the study area.
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FIGURE 4. Example of more-rugged topography often found in 
the northern half of the study area.



T-3319 7

attitudes and densities,
3. pétrographie identification of rock types contained 
within the study area,
4. collection of existing data concerning yield, total 
depth, and depth to static water level for water wells in 
the study area, and
5. periodic measurements of the depth to static water level 
in selected water wells throughout the study area.

This information resulted in the completion of a 
lineament map (figure 7) and a geologic map and cross 
sections (plates 1-3). Hydrogeologic data consisting of 
precipitation and depth-to-static-water-level information 
were used to determine local annual precipitation amounts 
and to construct a water-table map (plate 4) and water-well 
hydrographs (appendix 1). Yields and depths of wells in 
the study area were obtained mostly from drillers’ well 
completion reports on file at the Colorado State Engineer’s 
office; some information was received from homeowners and 
from a local well-pump installer who performs well-yield 
tests. Water-well locations and characteristics, temporal 
static-level fluctuation data, and geologic information 
obtained from aerial photographs and field reconnaissance
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were combined and analyzed using statistical techniques 
(range, mean, median, standard deviation).

Previous Work 
The geochronology of the Central Front Range of 

Colorado is summarized in Badgely (1960), Hutchinson and 
Hedge (1967), Hedge (1969), and Hutchinson (1976, 1980). 
Reconnaissance geologic maps of the Conifer and Pine 
Quadrangles, which include the study area, were prepared by 
Bryant (1974a, 1974b). Hutchinson (1960) extended 
tentative lithologie contacts into the southern part of the 
study area. In 1976, a geology field trip was conducted 
along highway 285 (Bryant, et al., 1976). The road log for 
the trip discussed briefly two of the structural features 
present in the study area (see aerial photograpy section of 
chapter 2).

Davis and DeWiest (1966) and Freeze and Cherry (1979) 
provide summaries of crystalline-rock hydrogeology. Other 
studies, located mostly in the eastern United States, 
analyze the geologic factors controlling the occurrence of 
ground water in crystalline rocks (Davis and Turk, 1964; 
LeGrand, 1954 and 1967; Dingman, Meyer, and Martin, 1954; 
Nutter, 1954). Previous works pertaining to Front Range 
hydrogeology include Snow (1968), Shehata (1971), Florquist
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(1973), Hurr and Richards (1974), and Hofstra and Hall 
(1975).
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GEOLOGY

Regional Geologic History 
The first significant tectonic event observed in the 

rock record of the Central Front Range was a period of 
regional deformation and metamorphism which occurred 
between 1.75 and 1.69 billion years (b.y.) ago (Hutchinson, 
1976). During this period, which was characterized by 
predominantly plastic deformation, the preexisting 
sediments were metamorphosed to a high grade, resulting in 
the structural framework and the schistose and gneiss ic 
rocks observed today. The deformation produced a major 
fold system with north- to northwest-trending axes, as well 
as related joint sets. Host later structural features were 
strongly influenced by this initial framework.

During the late Precambrian, after a 300 million-year 
(m.y.) period of tectonic and plutonic inactivity, 
cataclastic deformation occurred (Hutchinson, 1976). Folds 
with axes that commonly trend N55E, joint sets related to 
folding, and northeast-trending shear zones resulted. The 
quartz monzonites of the Silver Plume Batholith, 1.47-1.39 
b.y. old (Hutchinson, 1976), were emplaced during this 
period, which may have continued until about 1.2 b.y. 
before present (Hedge, 1967). Primary joints related to 
the flow and cooling of the Silver Plume rocks were formed
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in the igneous bodies at this time. The Pikes Peak 
batholith and associated plutons, including the Rosalie 
Lobe, were emplaced with minimum tectonism 1.02 b.y. ago 
(R.M. Hutchinson, personal communication, 1987).
Pegmatites are related to multiple periods of igneous and 
metamorphic activity, and are found in both igneous and 
metamorphic rocks.

The next major tectonic event to occur was the arching 
of the Front Range highland during the late Pennsylvanian 
and early Missippian periods. New regional joint systems 
were probably not formed during this arching. The Front 
Range highland was arched again during the Laramide Orogeny 
of the Cretaceous and early Tertiary periods. A system of 
four post-Precambrian joint sets, observed regionally in 
all Precambr ian rocks, was probably super imposed during 
this deformation. The major trends of Laramide faulting 
are N30W-N75W and N15E-N60E. Strike-slip movement has been 
noted on many of these faults.

Table 1 summarizes the events comprising the geologic 
history of the region.

Lithology
A geologic map of the study area was completed (plate 

1). Eighteen rock types and Quaternary alluvium were 
identified (plate 2). The 19 map units were then condensed
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into 8 hydrogeologic domains for purposes of analyzing the 
effect of rock type on the occurrence and movement of 
ground water. These domains, which consist mostly of 
multiple rock types, are described as follows :
1. biotite-qneiss domain: consists of biotite and
hornblende gneisses and amphibolites that underlie most of 
that part of the study area south of Highway 285; becomes 
biotite-rich and schistose locally, especially in the area 
west of Gooseberry Gulch in the northern one-half (N 1/2) 
of section 4; variably migmatized.
2. Silver-Plume domain: consists dominantly of Silver
Plume quartz monzonite; a second quartz monzonite unit and 
a poorly-foliated quartzo-feldspathic gneiss unit are 
included due to their structural and mineralogical 
similarities to the Silver Plume rock.
3. miomatitic-s illimanite-oneiss domain : consists of
migmatized gneisses and schists; becomes less migmatitic 
and more schistose to the north.
4. skarn domain: consists of sillimanite schists
interlayered with an abundance of green, more brittle and 
fractured, actinolite-rich rocks.
5. sillimanite-schist domain: consists of interlayered
s illimanite-bearing schists having varying minéralogie 
compositions.



T-3319 15

6. mixed rocks with dominant-ianeous-component domain: 
consists of Silver Plume quartz monzonite containing 
subordinate inclusions of metamorphic country rock.
7. alluvium domain : consists of silt, sand, and gravel;
found bordering major streams.
8. brittle-intrusive domain: consists of igneous
intrusives which occur generally as dikes or sills and are 
localized.

The degree to which a hydrogeologic domain could be 
analyzed depended on the amount of well control for the 
domain.

Structure

Foliation and Folding
The dominant trend of the foliation in the southern 

half of the study area is northwest, although some gentle 
folds interrupt this trend locally. In the extreme 
southern part of the area the northwest trend is lost in a 
series of folds having axes that trend about N40E to N50E. 
The foliation is folded to a greater degree north of the 
main Silver Plume body. Strikes vary from northwest to 
northeast, and most fold axes trend N15E to N25E, although 
northwest-trending axes are also present. Throughout the
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study area intrusive bodies of Silver Plume quartz 
monzonite are mostly concordant with foliation.

The abundance of partings parallel to foliation 
observed in the field is evidence that the foliation gives 
the rock a directional weakness. Openings along foliation 
planes may provide ground-water flowpaths. Foliation often 
dips at much lower angles than tectonic joints however, and 
such openings may close more rapidly with depth. The 
sillimanite schists located in the northern part of the 
area (plate 1) were often more thinly-foliated and MslabbyN 
than the more massive biotite gneisses (figures 5 and 6).

The fold axes were not identified as lineaments on the 
aerial photographs. However, two lines of evidence support 
the hypothesis that occasionally fold axes may be more 
intensely fractured than surrounding rocks : 1. The
northeast-trending stream valley in the SE 1/4 section 4 
appears to coincide with a fold axis, implying that the 
fluvial system eroded the zone of excessive fracturing;
2. Two fold axes, one in section 20 and one in section 21, 
coincide with the locations of bodies of quartz monzonite, 
indicating that emplacement was controlled by fracturing 
along the axes.

Fault/Fracture Zones and Joints
Fault and/or fracture zones may be conduits or
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FIGURE 5. An example of rock contained within the biotite- 
gneiss hydrogeologic domain.
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FIGURE 6. An example of rock contained within the
sillimanite-schist hydrogeologic domain. Note 
the abundance of partings parallel to foliation.
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barriers to ground-water flow, depending on the amount of 
fine-grained weathered or crushed material in the zone, or 
the modern-day stresses (extensional or compressional) that 
are imposed on the fracture zone. Therefore, the location 
and orientation of fracture zones, faults, and joints is 
important.

Methods of study. According to Lattman (1958), 
fault/fracture zones are often expressed as topographic 
(including straight stream segments), vegetation, or soil 
tonal alignments, and may be recognized on aerial 
photographs. Accordingly, the locations and orientations 
of major fracture zones were delineated on high-altitude 
color-infrared photographs having an approximate scale of 
1:95,000. Smaller scale, more-localized features were 
identified on aerial photographs of approximate scale 
1:28,000 to 1:30,400. The part of the study area south of 
Highway 285 was viewed with stereopairs of 1978 color 
photographs. The northern part, which is covered by roads, 
was viewed with 1964 black and white stereopairs taken 
prior to most development.

Seven hundred and six joint attitudes were measured in 
the study area. Poles to the joint planes were plotted on 
the lower hemisphere of an equal-area stereonet. The
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resulting diagrams were contoured in order to determine the 
attitudes of the main joint sets.

Lineaments mapped from hioh-altitude photography.
The major lineaments delineated on high-altitude 
photography are both northeasterly and northwesterly 
trending. Four of these features (1 thru 4, figure 7) 
traverse the study area. It should be noted here that any 
linear feature observed on an aerial photograph will be 
called a lineament in this paper, regardless of its length.

Bryant (1974) mapped lineament #1 as a fault, while 
Bryant, et al. (1976) called it a "northeast-trending 
fracture zone." The core of this fracture zone was 
observed in a roadcut at Shaffers Crossing (figure 8). The 
zone itself is about 18 m (60 ft) wide; the rocks to either 
side have joint densities 2-10 times higher than the median 
densities for the study area (see table 3). The rocks in 
figure 9 are located about 700 ft (213 m) from the core of 
the fracture zone. The joint spacing is about 2.5 times 
closer than the median spacing for the Silver Plume quartz 
monzonite. The amount of fracturing less than 100 ft (30 
m) further from the zone is considerably reduced.

Lineament #2 was also mapped as a fault by Bryant 
(1974). Bryant, et al. (1976) stated that it offsets 
contacts 200-300 meters in a left-lateral sense.
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FIGURE 7. Lineaments delineated on low- and high-altitude 
aerial photography; dashed where inferred.
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FIGURE 8. The dark soil zone exposed to the right of the 
light rock outcrop in the cut slope is the core 
of the Highway 285 fracture zone. The draw 
which extends back from the cut slope is a 
surface expression of the fracture zone. Photo 
was taken at Shaffers Crossing.
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FIGURE 9. Fracturing in quartz monzonite in a roadcut 
along highway 285.
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Significant fracturing in adjacent rocks is also observed 
along this fault. The topographic expression of this 
feature indicates a possible northeasterly dip direction.

The similarity between the strikes of lineaments 2 and 
3 may indicate that lineament #3 is also a left-lateral 
fault; no evidence to support this was observed in the 
field, but joint densities 10-11 times higher than the 
median density for the same rock type were measured near 
its trace. Three smaller, northwesterly striking faults 
with dips ranging from 76-90 degrees were observed in the 
field, indicating that the features underlying lineaments 2 
and 3 may also dip at a high angle. Most or all of the 
structural features identified on the aerial photos may dip 
at a high angle, as evidenced by the lack of pronounced 
curvature when these features cross streams or ridges.

Lineament #4 is comprised of aligned stream valleys. 
Adjacent outcrops are sparse, but some excessive fracturing 
was seen.

Lineaments mapped from low-altitude photography. 
Forty-nine lineaments, ranging in length from 250 ft (76 m) 
to about 7 miles (11 km), were identified on the larger 
scale aerial photographs as being wholly or partly 
contained in the study area (figure 7). Lineament strikes 
are summarized in figure 10. Clustering is observed in the
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N30W-N45W, N65W-N75W, and N60E-N80E directions, indicating 
the directions of major structural discontinuity.

Joint attitudes. Separate pole density diagrams were 
constructed for igneous and metamorphic rocks (figures 11 
and 12) due to different ages and geologic histories. 
Unloading joints subparallel to the ground surface are not 
included in the diagrams.

Most of the lower-angle poles on the metamorphic 
diagram represent planes parallel to foliation, which may 
be partings between layers of differing composition rather 
than tectonic joints. Both diagrams show a girdlepolar 
arrangement due to the predominance of high-angle joints.

The major sets (>4% density) and three of the minor 
sets (<4% density) for each rock type coincide (table 2); 
these sets are probably Laramide in age (see Badgley, 1960, 
p.167). The N28E-N35E set in the metamorphics coincides 
with a less pronounced clustering on the Silver Plume 
diagram. The N04W-N17W set in the metamorphics does not 
correlate with a Silver Plume joint set. Based on the data 
of Badgley (1960, p.167), both of these sets are probably 
Precambrian in age.

Joint Density
Three hundred and twenty-five joint densities measured 

in the study area were plotted on the geologic map.
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FIGURE 11. Pole density diagram showing orientations of 
486 joints in Silver Plume quartz monzonite.
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FIGURE 12. Pole density diagram showing orientations of 
220 joints in metamorphic rocks.
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TABLE 2
Attitudes of joint sets in Silver Plume 
and metamorphic rocks.

Metamorphics
1) >4% N23W-N32W, >80SWZNE 1) >4%
2) >3% N21W-N42W, >78SWfNE 2) >2.5%
3) >3% N68W-N79W, 67-81NE 3) >2%
4) >3% N28E-N35E, >78SW,NE
5) >3% N43E-N52E, 74-89SE 5) >2.5%
6) >3% N69E-N76E, 62-75SE 6) >2.5%
7) >3% N04W-N17W, 77-86SW
8) subhorizontal 8)

quartz monzonite

Silver Plume
N30W-N40W, >80SW,NE 
N23W-N55W, >74SW,NE 
N62W-N73W, >80SW
N39E-N54E, >85SE/NW 
N65E-N77E, 71-83SE
subhorizontal
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Densities were calculated by measuring the number of joints 
in a particular set per 16 ft (5 m) perpendicular to 
strike. The largest distance possible perpendicular to 
joint strike was used to obtain densities in smaller 
outcrops. The density was not measured if only 1 or 2 
joints were visible. The majority of measurements were 
made in the Silver Plume quartz monzonite, which outcropped 
frequently.

Joint density versus rock type. Brittle, more 
competent rocks, such as pegmatites, fracture more easily 
and retain fractures in an open state to greater depths 
than less competent schists and some mica-rich gneisses 
(Hurr and Richards, 1974; Florquist, 1973; Wahlstrom, 1981; 
Warner and Robinson, 1981). Excessive fracturing in 
pegmatites and aplites was observed in the field (figure 
13). Quantitatively, joint density was compared to 
lithology (table 3). Foliation partings and subhorizontal 
joints caused by unloading are not included in the 
analysis.

The "Silver Plume 1" category contains measurements 
made in main bodies of Silver Plume quartz monzonite only 
("main bodies" refers to the body immediately north of 
Highway 285 and the body in the extreme NE corner of the 
study area--see Plate 1). The "Silver Plume 2" category
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FIGURE 13. Excessive fracturing in a pegmatite dike 
(center left of photo).



T-3319 32

TABLE 3
Joint densities (number of joints per foot) for various 
rock types, collected in the Shaffers Crossing area and 
vicinity.

Rock No. of
Type Values

Silver Plume 1 207
Silver Plume 2 70
biotite gneiss 35
sillimanite 23

schist 
skarn 5
all metamorphics 7 4
pegmatite/aplite 9
leuco granite 12

Std.
Ranae Mean Median Dev
.06—6.0 .61 .37 .79
.18-6.0 .86 .49 .98
.06—6.0 .61 .30 1.1
.09-2.0 .47 .24 . 50
.37-1.3 .72 .70 .36
.06—6.0 .59 .32 . 86
.37-4.0 1.8 1.8 1.1
.30—6.0 1.9 1.2 1.7
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contains measurements collected from small satellite bodies 
of quartz monzonite which are found in a dominantly 
metamorphic terrain.

Pegmatites, aplites, and leuco granites have the 
greatest joint densities. Areas underlain by these rocks 
are often sparsely vegetated (figure 14). Leuco granites 
occur as dikes in the Silver Plume quartz monzonite and may 
be genetically related to the quartz monzonite. Skarn 
rocks and satellite bodies of Silver Plume quartz monzonite 
have mean and median densities which are larger than those 
of biotite gneiss, sillimanite schist, and main bodies of 
Silver Plume quartz monzonite, but roughly one half to one 
third those of pegmatites, aplites, and leuco granites. 
Satellite bodies of Silver Plume quartz monzonite may have 
an abundance of cooling joints (figure 15); the interiors 
of large igneous masses would be more insulated from such 
fracturing. The number of joint density measurements in 
skarn rocks is small. However, the low standard deviation 
lends credibility to the observation that this rock type 
displays a substantial joint density as well. Joint 
densities are least in biotite gneiss, sillimanite schist, 
and Silver Plume quartz monzonite. With the exception of 
foliation-parallel joints, mean and median joint densities 
in sillimanite schist are 20-35% smaller than in the gneiss





T-3319 35

FIGURE 15. Subhorizontal cooling joints in a nearly- 
vertical dike of leuco granite intruding 
Silver Plume quartz monzonite.
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and quartz monzonite, indicating that the schist is less 
brittle. Otherwise, the values obtained for these three 
rock types are similar.

Joint density versus joint strike. The relationship 
of joint density to joint strike was studied (table 4).
Five categories of strike were established, corresponding 
to the joint sets defined from the pole density diagrams 
(figures 11 and 12).

Joints striking N21W-N42W in metamorphic rocks and 
N23W-N55W in Silver Plume quartz monzonite have the largest 
mean and median densities; the median density is 25% larger 
than that of the category with the next-largest density. 
These categories also contain the densest clusters of poles 
on the pole-density diagrams (figures 11-12), and 
correspond to one of the 3 clusters of lineament strikes 
(figure 10). The differences between the median densities 
of the remaining categories do not exceed 20%. Apart from 
the unloading joints, the lowest density occurred in the 
N43E-N76E (M) and N39E-N77E (I) category. These strike 
directions do not coincide with a clustering of lineament 
strikes (figure 10), and may be a relatively minor joint 
set.

The low standard deviation of the unloading joint 
class shows a greater degree of consistency in their
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TABLE 4
Joint densities, expressed as number of joints per foot 
perpendicular to strike, compared to measured joint 
strikes.

N o . of
Strike values

N21W-N42W (M) &
N23W-N55W (I) 85

N68W-N79W (M) &
N62W-N73W (I) 26

N28E-N35E (M) 42
N43E-N76E (M) &

N39E-N77E (I) 60
N04W-N17W (H) 5
unloading 37

Std.
Range Mean Median Dev.

U5110O . 88 .49 1.1
.12-1.5 .44 .34 .30
.15-3.4 .61 .37 .69
.12-1.5 .42 .32 .30
.18-2.0 .63 .37 .77
.15-1.2 .38 .30 .24

,,M M designates metamorphic rocks and "I" designates Silver 
Plume quartz monzonite.
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spacing. These joints are most prominent in Silver Plume 
quartz monzonite; only two of the measurements were made in 
metamorphic rocks.

Spatial variation in joint density. Three areas, two 
underlain by Silver Plume quartz monzonite and one in the 
biotite gneiss domain, were observed to be consistently 
more fractured (plates 1-2). The excessive fracturing is 
not obviously related to structure or 1ithology. A rock 
thin section collected from the southernmost of the two 
Silver Plume areas revealed that the quartz monzonite was 
mineralogically similar to those in less-jointed areas, 
except that the plagioclase was more sericitized and micas 
were lacking. The average grain size of the sample from 
the more-jointed area was about 25% smaller than quartz 
monzonites in less-jointed areas. Further comparisons of 
joint density with mineralogical and textural variations in 
the quartz monzonites are needed.

Summary of joint density analyses. Joint density 
tends to be greatest for joints striking N20-N55W and least 
for those striking N39E-N77E. Unusually close spacings can 
often be related to the presence of a fault/fracture zone, 
to lithologie controls, or to satellite bodies of Silver 
Plume quartz monzonite.
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PREVIOUS WORK IN CRYSTALLINE-ROCK HYDROGEOLOGY

Aquifer Thickness 
Estimations of the typical thickness of igneous and 

metamorphic aquifers tend to range from 200 to 500 ft (76 
to 152 m) (LeGrand, 1954; Hurr and Richards, 1974; Snow, 
1968; Plorquist, 1973; Dingman, Meyer, and Martin, 1954). 
One pump installer/well tester familiar with the Conifer 
area stated that based on his experience, there is an 
approximately 80% chance of obtaining a satisfactory well 
yield in the first 300 ft (91 m), and a 15% chance of 
finding substantial additional water between 300 and 400 ft 
(91 and 122 m ) . Below 400 ft (122 m) the chances of 
encountering significant quantities of water are poor 
(Harden, 1986). A second well tester familiar with the 
area said that the chances of intercepting significant 
amounts of water below 450-500 ft (137-152 m) are poor 
(Elmgreen, 1986).

The occurrence of water in deep mines indicates that 
water is present at depths greater than 500 ft (152 m) 
(Freeze and Cherry, 1979). These occurrences tend to be 
localized and may often be related to major faults or shear 
zones (Montazer, 1978).
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Permeabi1itv-Deoth Relations 
The permeability of crystalline rocks tends to 

decrease with depth (Freeze and Cherry, 1979). This is due 
to an increase in near-surface permeability caused by 
physical and chemical weathering and subsequent enlargement 
of near-surface joint apertures, and the closure of 
fractures with depth in response to the increase in 
confining stress imposed by overburden loads (Davis and 
DeWiest, 1966). Fracture density may also decrease with 
depth because "stress variations that cause fractures are 
larger and, over geologic time, occur more frequently near 
the ground surface" (Freeze and Cherry, 1979, p.160). 
Compilation of fracture frequency data at the surface and 
at depths of greater than 3000 ft (914 m) in the Henderson 
Mine, which is located about 50 miles (80 km) west of 
Denver, indicated that the number of fractures per unit 
volume of rock does not decrease with depth (Robinson, 
1978). In their investigation of the geology of the Harold 
D . Roberts water tunnel, which was drilled from Dillon to 
near Grant, Co., Warner and Robinson (1981) noted that 
brittle rocks that are closely jointed at the ground 
surface also tended to be closely jointed at the tunnel 
level. The geologic and hydrologie reports for the 
Eisenhower tunnel near Dillon, Co. do not specifically
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state whether a decrease in fracture density was observed. 
However, numerous closely spaced joints were encountered at 
depths of nearly 1500 ft (457 m) (Hurr and Richards,
1974). These studies indicate that closure of fractures 
with depth, and not diminution of fracture spacing, is the 
principal cause of the decrease in permeability with depth.

Davis and Turk (1964) compiled well yield and depth 
information for granitic rocks and schists of the eastern 
United States and the Sierra Nevada, California. Plots of 
these data revealed a linear logarithmic relationship 
between depth and yield per foot of saturated interval that 
appeared to be independent of rock type, indicating that 
crystalline rocks have approximately the same depth- 
permeability relationships (figure 16). Using packer 
injection test data from Colorado Front Range dams ites 
underlain by granite gneiss. Snow (1968) found a depth- 
permeability relationship which was similar to the 
relationship between depth and yield per foot of Davis and 
Turk's (1964) granitic rocks (figure 16). Montazer (1978) 
estimated hydraulic conductivities of gneisses southeast of 
Idaho Springs, Colorado from water-well test data, and 
plotted conductivities against the depth range of the 
saturated interval of the well (figure 16). Montazer's 
results indicate a more considerable decrease in
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Davis & Turk (1964)S now — 
(1968)

Montazer ( 1978)

i - ]

K ( GPD/FT2) OR YIELD PER FT ( GPM)

FIGURE 16. Previous work relating permeability and yield 
per foot of saturated well interval to depth 
below ground surface. Data from Davis and Turk 
(1964) are for yield per foot; data from Snow 
(1968) and Montazer (1978) are for hydraulic 
conductivity (K).
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permeability with depth than was found by Davis and Turk 
(1964) or Snow (1968).

Hydraulic Conductivity and Transmissivity 
Freeze and Cherry (1979) reported maximum and minimum

values of hydraulic conductivity for fractured igneous and
3 -2metamorphic rocks of 10 and about 10 gallons per day per

2square foot (gpd/ft ), respectively. Realizing that the 
results would be "at best approximate," Snow (1968) 
estimated hydraulic conductivity values using readily 
obtainable data for Colorado Front Range wells completed 
mainly in granitic gneiss and amphibolite, and the steady, 
unconfined-flow Dupuit equation:

Q = well discharge rate 
K = hydraulic conductivity
hn = pre-pumping saturated thickness intercepted by the 

well
hw = post-pumping saturated thickness intercepted by the
r^ = estimated radius-of-effect of pumping
r = well radius w

Snow (1968) simplified the equation by assuming that the 
average drawdown was two-thirds the saturated well depth. 
Thirty-five hydraulic conductivity values were calculated.

Q

well
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2ranging from .021 to 142 (gpd/ft ). The median value was 
2.865 gpd/ft t and 77% of the values were between .05 and 10 

gpd/ft^.
Values estimated by Snow (1968) were similar to values 

computed from injection tests at four Colorado Front Range 
dams ites underlain by granite gneiss. These tests 
indicated that average conductivities decreased from about 
3 gpd/ft^ at a depth of 50 ft (15 m) to about 0.1 gpd/ft^ 
at a depth of nearly 400 ft (122 m) (Snow, 1968).

Montazer (1978) estimated hydraulic conductivity using 
both the Dupuit equation and an equation of drawdown for 
steady-state, unconfined flow to partially penetrating 
wells in an unconfined aquifer, given by Todd (19 59):

Q,K,r = same as Dupuit equation 
h = Yength of screened interval
H = pre-pumping saturated thickness of the aquifer at the 

well
h = post-pumping saturated thickness of the aquifer at the 

well
h~H = saturated thickness of the aquifer at a distance 2H 

from the well

The required drawdown measurements were obtained from 
driller's well completion reports. To compensate for a lack 
of drawdown measurements, Montazer, like Snow (1968),



T-3319 45

estimated that the average drawdown was some percentage
(8/9) of the saturated well interval. He then used this
assumption to calculate hydraulic conductivity values for
wells where drawdown data was unavailable. Twelve of the
16 hydraulic conductivity values calculated by Montazer

2ranged from 0.1 to 10 gpd/ft .
Using various injection-test methods, Montazer (1982)

measured permeabilities of boreholes drilled into
Precambrian migmatitic biotite gneiss of the Idaho Springs
Formation from a mine opening located 330 ft (100 m) below
the ground surface. The results of the injection tests are
reported in units of permeability. Conversion to units of

-4hydraulic conductivity gives values ranging from 6X10 to
2about 2000 gpd/ft ; most of the values are in the 1 to .01

2gpd/ft range.
Davis and DeWiest (1966) stated that fractured, 

unweathered rocks have transmissivity values of 1-2000 
gallons per day per foot (gpd/ft) assuming a 100-ft thick 
aquifer. Transmissivities calculated by Snow (1968), by 
numerically integrating hydraulic conductivity values from 
various depth ranges up to about 200 ft below ground 
surface, ranged from 150 to about 1250 gpd/ft.

Transmissivity was also estimated by Montazer (1978) 
using an approximation method originated by Theis, Brown,
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and Meyer (1963):

T = 114.60 [-0.577-ln(1.87r2S ) 1 
s Tt

T = transmissivity 
0/s = specific capacity 
r = well radius 
S = specific yield
t = time of specific capacity measurement (after start of 

pumping)

The sixteen transmissivity values calculated ranged 
from 4 to 1005 gpd/ft, with a median value of 96 gpd/ft. 
Montazer's (1978) data ”revealed a fairly consistent 
relationship” between transmissivity (T), hydraulic 
conductivity (K), and the saturated well thickness (H ):
T = .54KH.

Controls on the Availability of Ground Water

Well Yield Versus Topography
Davis and DeWiest (1966), Dingman, Meyer, and Martin 

(1954), and LeGrand (1967) have shown that wells in 
valleys, flat upland areas, and in draws tend to have 
higher yields than wells located on ridgetops. Yields of 
wells located on slopes are often intermediate between 
these two extremes (LeGrand, 1954). Graves (1984) found 
topographic position to be the best predictor of well yield
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for a group of 47 Front Range wells for which accurate 
yield values were available. Topography was not found to 
be a significant variable for a second group of 48 wells; 
yield values for these wells were obtained from driller *s 
well completion reports on file at the Colorado State 
Engineer’s Office. Graves (1984) offered possible 
explanations for why different results were obtained from 
different well populations:
1. differences in accuracy of the yield data for the two 
populations, 2. inaccuracies inherent in the method of 
study, and 3. the fact that the set of 48 wells had a 
considerably higher number of large yields than the set of 
47 wells.

Fracturing is a variable that controls well yields 
(LeGrand, 1954; Nutter, 1974; Davis and DeWiest, 1966). 
Permeability and porosity within a fractured zone that is 
expressed as a valley or draw may be increased, enhancing 
well yields. In contrast, ridges may be underlain by less- 
fractured rock which is more resistant to erosion (LeGrand, 
1954).

A second reason for variation in well yields with 
topography was identified by Montazer (1978, p.141).
Ground water tends to flow from topographically high to low 
areas. Therefore beneath ridges . . .
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"there is less opportunity for the groundwater to 
be recharged and to compensate for the drawdowns 
caused by pumping so that the yield will decrease 
more rapidly. Conversely, this decrease in rate 
may be much slower along the valleys or on gentler 
slopes, since recharge is stronger and the depth 
of weathering is greater.”
Flat to gently rolling upland areas may have better- 

developed weathering and colluvial profiles that have a 
relatively high porosity (Snow, 1973). Wells cased to the 
underlying bedrock will be influenced by these materials. 
Alluvial and colluvial cover provides a porous reservoir 
for the underlying fractured bedrock, reducing the seasonal 
or drought-related water-level fluctuations in the ground
water system (LeGrand, 19 54).

Well Yield Versus Rock Type
Davis and DeWiest (1966, p.323) noted that "data from 

various regions fail to show large differences in mean 
yields that might be related to rock type alone." Using 
published geologic maps for lithologie data. Graves (1984) 
also failed to find a significant correlation between rock 
type and well yield. The depth-permeability relationships 
for various rock types found by Davis and Turk (1964) and 
Montazer (1978) indicate that rock type is not a very 
significant factor influencing well yields (figure 16).
In a 1967 study, LeGrand stated that there are too many



T-3319 49

complex factors involved to justify generalizations about 
the yields of wells in different rock types.

Higher-yielding rock units are composed of lithologies 
that are competent and brittle (Hurr and Richards, 1974; 
Warner and Robinson, 1981). A brittle rock will fracture 
more readily than a more ductile rock under a given stress 
field (Hobbs, Means, and Williams, 1976). Competence 
refers to the strength of a rock mass; an incompetent 
material will deform in a ductile manner more easily than a 
competent material (Hobbs, Means, and Williams, 1976).

Thirty percent of the ground-water discharges from 
granitic igneous rocks in the pilot bore for the Eisenhower 
Tunnel exceeded 1 gpm, compared to 16% in metasedimentary 
rocks (Hurr and Richards, 1974). Dingman, Meyer, and 
Martin (1954) reported that among 21 rock types included in 
their study, a mica-rich phyllite was one of the poorest 
aquifers in a two-county region in Maryland. Davis and 
DeWiest (1966, p.323) cite the rapid closure of joints and 
faults with depth in such "soft foliated metamorphic rocks" 
as the reason for small well yields.

Florquist (1973, p.26) has observed pegmatite dikes to 
be "the most dependable and productive water sources in the 
Colorado Front Range." This observation is attributed to 
some combination of excessive fracturing in the brittle.
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competent intrusive unit and the development of shear zones 
in the country rock along contacts with the intrusive 
body. Florquist (1973, p.27) also said that metamorphic 
rocks are "generally less productive" than granitic igneous 
rocks for two reasons:
1. Considerable amounts of structural movement (i.e. 
folding) makes prediction of the location of subsurface 
fractured zones from surface observations difficult.
2. Eastward movement of the Rocky Mountains has closed 
fractures in much of the metamorphic rock along the eastern 
mountain front.

The Effect of Lineaments on Well Yield

Well yield versus distance from a lineament. Lattman 
and Parizek (1964) showed that the probability of obtaining 
successful wells along lineaments in carbonate rocks, or at 
their intersections, is greatly increased. Hurr and 
Richards (1974) observed that permeability within and near 
a faulted or otherwise intensely fractured zone was often 
low due to an abundance of fine-grained material produced 
by physical crushing and/or chemical weathering (figure 
17). Moving outward from the core of such zones, rock was 
often encountered which was still more heavily fractured 
than normal, but the fractures tended to be less weathered
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FIGURE

LAR G E Z- N PERMEABIL ITY

S M A L L

FRACTURE

17. Idealized fracture system showing relative 
permeabilities within and near a heavily- 
fractured zone (after Hurr and Richards, 
1974 ) .
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and permeabilities were higher. Still further from the 
core of the disturbed zone permeabilities tended to drop to 
levels normal for undisturbed rock.

Well yield versus lineament strike. Working in the 
Henderson Mine, located 50 miles west of Denver, Robinson 
(1978) observed that more than 90% of 390 wet fractures had 
strikes of N15W-N45W and dips in the 70SW-80NE range. Only 
about 50% of 2090 dry fractures had attitudes within this 
strike range, and a greater percentage had southwest dips.
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HYDROGEOLOGY

Introduction and Previous Work
A regional study of Front Range crystalline-rock 

hydrogeology summarized topics relating to climate, 
geology, surface water and ground water (Hofstra and Hall, 
1975).

Plazak (1985) used the method of Hamon (1961) to 
estimate annual potential évapotranspiration for the 
Bailey, Colorado area for a 30-year period. The median and 
mean annual water surpluses (precipitation minus potential 
évapotranspiration) were 4.04 inches (10.3 cm) and 4.32 
inches (11.0 cm), respectively; these values do not include 
surface runoff. Subtracting Hofstra and Hall's (1975) 
estimate of annual runoff (7.8% of precipitation) gives 
median and mean annual surpluses of 2.79 and 3.07 inches 
(7.1 and 7.8 cm), respectively.

Using évapotranspiration (89% of precipitation) and 
surface runoff (7.8% of precipitation) amounts from Hofstra 
and Hall (1975), a preliminary estimate of annual recharge 
to the bedrock aquifer for the central portion of the study 
area was calculated. The average annual precipitation in 
the Evergreen, Colorado area, obtained from the Colorado 
Climate Center in Fort Collins, Colorado, was used in the 
calculation. Estimated annual recharge amounts due to
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precipitation ranged from 0.6 to 1.8 inches (1.5 to 4.6 
cm), representing 3.3% to 10% of precipitation (Water,
Waste and Land, 1985). From 90% to 97% of water used for 
residential purposes is estimated to be returned to the 
ground-water system via septic systems (Water, Waste and 
Land, 1985; Plazak, 1985).

The Colorado State Engineer's Office maintains stream 
and rain gages on Mason Creek, which borders the study area 
on the west. Measurements of stream flow and precipitation 
during the summers of 1982 and 1983 resulted in runoff 
amounts of 8.3% and 16.8% of precipitation, respectively; 
these numbers do not separate base flow from measured 
flow. Subtracting Hofstra and Hall's (1975) base flow 
estimate (3.2% of precipitation) gives runoff amounts of 
5.1% and 13.6% of precipitation, respectively.

Two 24-hour aquifer pumping tests were performed in 
the study area during October, 1984 by the Mountain Water 
and Sanitation District. One pumping well was located in a 
draw and completed in Silver Plume quartz monzonite. 
Analysis of test results by the Theis method gave a 
transmissivity value of 4470 gpd/ft and a specific yield of

-32.0 X 10 . The successful application of the Theis method
indicated that the aquifer at this location was behaving
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like a porous medium rather than a fractured medium (Water, 
Waste and Land, 1985).

The second pumping well was located on a ridgetop and 
completed in metamorphic rocks. Attempts to analyze this 
data using a variety of methods were largely unsuccessful, 
leading to the conclusion that the rock was less fractured 
and less permeable (Water, Waste and Land, 1985).

Precipitation 
Precipitation is the primary source of recharge for 

the ground-water system, by direct infiltration or leakage 
from streams. Quantification of precipitation amounts can 
be used to determine safe ground-water extraction rates.

Official precipitation data are available in Bailey 
and Evergreen, located about 9 miles (14 km) southwest and 
8 miles (13 km) north of the study area, respectively 
(figure 1). Varying amounts of historical precipitation 
data were also measured by homeowners living in the study 
area. From the homeowner-supplied data, local 
precipitation patterns were derived. The most 
comprehensive data came from a homeowner living near 
Highway 285; a detailed daily record of precipitation 
(rain, snow, and total water equivalents) and temperature 
is kept and supplied to the National Oceanic and 
Atmospheric Administration (NOAA).
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Figure 18, prepared using data from this homeowner and 
from "Climatological Data,” (U.S. Dept, of Commerce, 1981- 
1986), showed that over a 38-month period between November 
1981 and April 1986 the study area received approximately 
26% more precipitation than Bailey and 13% more than 
Evergreen. Based on these percentages and the average 
annual precipitation amounts for Bailey and Evergreen (16 
inches and 18 inches per year, respectively), the average 
annual precipitation in the central portion of the study 
area is about 20 inches (51 cm) per year.

The temporal distribution of precipitation in the 
study area over a 42-month period (figure 19) shows that 
most recharge to the aquifer occurs between March and 
August; occasional late fall storms may also be good 
recharge events. During the winter months precipitation 
can remain frozen on the ground surface as snow for long 
periods of time. Homeowner-supplied data and data from 
"Climatological Data" (U.S. Dept. Of Commerce, 1975-1985) 
show that 1982 began a 3-year period of substantially above- 
average precipitation for the region (figure 20). Data 
from two homeowners located near the top of Conifer 
Mountain in the northern part of the study area, 
approximately 1000 ft higher in elevation than the 
homeowner near Highway 285, show increased amounts of
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BAILEY STUDY AREA

FIGURE 18. Comparison of precipitation amounts for Bailey, 
Evergreen, and the study area over a 38-month 
period between November, 1981 and April, 1986.
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FIGURE 20. Annual precipitation amounts for Bailey and the 
study area showing above-average preciptation 
from 1982-1984.
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precipitation. For the 3-year period from 1981-84 the top 
of Conifer Mountain received about 25% more snowfall than 
the area near Highway 285 did. For the 16-month period 
from June 1985 to September 1986 Conifer Mountain received 
about 15% more rainfall than the area near the highway 
did. Average annual precipitation on top of Conifer 
Mountain is thus estimated to be about 23-24 inches per 
year .

Water-Level Data Base
The Mountain Water and Sanitation District (MWSD) 

maintains water-supply wells for one subdivision located in 
the central part of the study area. Beginning in 1983 the 
depths to the static water level in 15 of these wells, and 
in 14 homeowner wells on the fringes of this subdivision, 
have been measured monthly by MWSD and the Conifer Mountain 
Homeowner’s Association (CMHA). The frequency of 
measurements in the homeowner wells was changed to 
quarterly beginning in June 1985. The data from these 
wells, referred to as CMHA/MWSD wells, are used in this 
study.

Between 1 and 17 water-level depths in each of 8 5 
homeowner wells scattered throughout the study area were 
measured by the author between April 1985 and May 1986.
Six of these wells were also CMHA/MWSD wells. Twenty-two
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of the measured wells were not in use. Eleven of the
measured wells were regularly not used during the day;
water levels in these wells were usually recovered from 
pumping by some point in the day. In most of the remaining 
wells, homeowners agreed not to use water for at least 2 
hours prior to the measurement to allow the level to 
substantially recover. At each well an initial water-level
measurement was taken. Then, a second measurement was
taken 2-4 minutes after the first to check for water-level 
recovery. If the static water level was recovering, the 
recovery rate in inches per minute was measured.

Configuration of Water Levels
Measured static water-level data was combined with 

locations of surface springs and flowing streams and data 
obtained from driller’s well completion reports to
construct a water-level contour map for the months of June
and July, 1985 (plate 4). The difference between June and
July static water levels for most wells was 10 ft (3 m) or
less; therefore the error is small. Surface elevations of 
wells were estimated from U.S.G.S. 7.5-minute topographic 
maps having a contour interval of 40 ft (12 m ) .

Water levels reflect surface topography quite closely, 
as is expected for an unconfined aquifer system. Ground
water and surface-water basins tend to coincide, with
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static water levels being deepest beneath drainage divides 
and shallowest in valleys. These observations indicate 
that, with some exceptions, the bedrock is sufficiently 
fractured to act like a porous medium, at least on a large 
scale.

Infiltrating precipitation recharges the ground-water 
system throughout the study area. Ground-water movement is 
primarily downward in recharge areas located on ridgetops 
and knobs, such as in the northwest 1/4 of section 33 (NW 
1/4 33) and the NE 1/4 20. Ground water also enters the 
study-area flow system across certain parts of the study- 
area boundaries which are not drainage divides. The 
eastern edge of the southeast 1/4 of the southeast 1/4 of 
section 28 (SE 1/4 SE 1/4 28 represents a recharge 
boundary.

Ground-water discharge areas within the study area 
include Gooseberry Gulch, the unnamed N-S trending stream 
to the west of Gooseberry Gulch, and their major 
tributaries. In these areas ground water primarily moves 
upward. Ground water also flows out of the study area 
across certain study-area boundaries, such as the northern 
and eastern edges of the NE 1/4 NE 1/4 21.

Zones of reduced permeability are indicated by 
unusually closely spaced water-level contour lines. Water-
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level contour lines cut sharply across surface topography 
and become closely spaced in the NE 1/4 21, the NW 1/4 21, 
and the west-central and extreme southern parts of section 
21.

In all four cases, the deep water levels which cause 
the unusual contour patterns occur beneath ridgetops, 
indicating that the ridges may be underlain by rock having 
a low fracture density and poor fracture interconnection.

Permeabilities within and near fracture zones may also 
be low. Northwest-trending joints in quartz monzonite 
about 180 ft (55 m) from the well site in the NW 1/4 21, 
and about 370 ft (113 m) from the well site in the extreme 
southern part of section 21, have densities of 0.7 and 2.4 
joints per foot, respectively. These densities are 
substantially above the median density for this rock type 
(see table 3). A NW-trending lineament is present about 
130 ft (40 m) from the NW 1/4 21 well site (see figure 7).
A N25W-N40W trending line which passes through or near each 
of 3 less-permeable zones in the W 1/2 21 can be drawn from 
Gooseberry Gulch in the NE 1/4 28 northwestward into the NW 
1/4 21. Alignment of stream valleys along much of this 
line, the presence of aerial-photo lineaments (figure 7), 
and large joint densities near Gooseberry Gulch in the NE 
1/4 28, may indicate the presence of a continuous fracture
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zone. The trend of this line is similar to the strikes of
lineaments in the NE 1/4 32 (figure 7).

Permeabi1itv-Deoth Relations

Well Yield Versus Well Depth
Ideally, wells are drilled until an adequate yield is 

found. If an adequate yield is not found at shallow depths 
the well is deepened, but the chances of substantially 
improving the yield become smaller the deeper the well goes 
due to decreasing permeability with depth. The 
progressively deeper wells should thus have progressively 
smaller yields. Figure 21 shows that there are a large 
number of low-yielding wells completed at a wide range of 
depths. The data points are concentrated in the 80-550 ft 
(24-168 m) depth range. In most cases then, either a 
sufficient yield is obtained above 550 ft or the well is 
abandoned. Large yields are most often found above the 300-
ft (91-m) depth. In reality, well depth is affected by
differing definitions of an "adequate" yield, the profit 
motive of the driller, the inhomogeneity and 
unpredictability of the aquifer, and by the accuracy of the 
driller’s yield determination.
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FIGURE 21. Well yield versus well depth for 273 study area 
wells .
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Yield Per Foot Versus Well Depth
Plots of yield per foot versus well depth, similar to 

those of Davis and Turk (1964), were made for each of four 
hydrogeologic domains:

1. main bodies of Silver Plume quartz monzonite,
2. biotite gneiss,
3. sillimanite schist, and
4. Silver Plume quartz monzonite containing subordinate 

inclusions of metamorphic country rock and satellite 
bodies of Silver Plume rock.

The two subcategories in category 4 were grouped together
due to the likelihood that in either situation, wells would \ 9

penetrate both quartz monzonite and metamorphic rocks.
Well yields were divided by the saturated thickness of 

the aquifer intercepted by the well to obtain yield per 
foot of saturated thickness, which was then plotted against 
well depth. Water levels from drillers’ well completion 
reports were used in the computations. In a few instances 
directly measured water levels differed markedly from the 
driller's figure; in these cases the direct measurements 
were used.

A function was computed for each data set. Each set 
contained values that did not fit the trend of the rest of
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the data. Therefore, the resulting functions did not fit 
the main body of data as closely as possible. These "odd" 
values were deleted and the functions recalculated. The 
data were plotted graphically, and the "best-fit" function 
was displayed for each group (figures 22-25). The 
functions are listed below. Depth (d) is in feet, and 
yield per foot of saturated well interval (Q/ft) is in 
gpm/ft.

biotite gneiss (2 points deleted): 
log d = -0.21 log Q/ft + 1.96 

sillimanite schist (2 points deleted): 
log d = -0.31 log Q/ft + 1.87 

Silver Plume quartz monzonite (2 points deleted): 
log d = -0.29 log Q/ft + 1.84

mixed Silver Plume and metamorohics (2 points deleted):
log d = -0.29 log Q/ft + 1.92

The functions for the various categories are similar
to each other (figure 26). Given the approximate nature of 
the yield per foot determination, these results support the 
findings of Davis and Turk (1964) and Montazer (1978) that 
rock type has a minimal influence on the depth-permeabi1ity 
relationship. The biotite gneiss function shows the most
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FIGURE 22. Yield per foot of saturated well depth versus 
well depth for 48 wells drilled into main 
bodies of Silver Plume quartz monzonite.
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FIGURE 23. Yield per foot of saturated well depth versus 
well depth for 41 wells drilled into biotite 
gneiss.
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FIGURE 24. . Yield per foot of saturated well depth versus 
well depth for 58 wells drilled into 
sillimanite schist.
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Yield per foot of saturated well depth versus 
well depth for 16 wells drilled into:
(1) small, satellite bodies of Silver Plume 
quartz monzonite, and (2) Silver Plume quartz 
monzonite containing subordinate inclusions of 
metamorphic country rock.
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FIGURE 26. Summary plot of figures 22 through 25. Note 
the similarities between the slopes of the 
functions.
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departure from the general trend in figure 26, indicating a 
faster overall decrease in yield per foot with increasing 
depth. However, the differences between the functions are 
small.

The rate of decrease in yield per foot with depth in 
the study area approximates the rate of decrease in 
permeability with depth computed by Montazer (1978) (figure 
16). Both of these rates are significantly greater than 
those of Snow (1968) and Davis and Turk (1964). The 
differences between the computed functions and the results 
of Snow (1968) may be due to a lack of direct correlation 
between yield per foot and permeability computed from 
packer injection tests. The lack of agreement with the 
results of Davis and Turk (1964) may result from 
differences in geographic location. Widely-separated rock 
masses have different structural characteristics.

Hydraulic Conductivity. Transmissivity. Specific Yield

Sources of Error in Estimation Methods
Most equations used to estimate aquifer properties 

from well data assume a porous medium, and thus may not be 
suited for a fractured medium. The Dupuit equation, used 
by Snow (1968) to estimate hydraulic conductivity in 
fractured rocks, incorporates several assumptions that may
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be invalid, including a fully penetrating well, a 
homogenous and isotropic aquifer, and horizontal flow with 
no vertical components. The applicability of the partial 
penetration equation used by Montazer (1978) for the same 
purpose also depends on the degree to which the fractured 
medium acts like a porous medium, although the assumption 
of a fully penetrating well no longer applies. The 
transmissivity estimation method of Theis, Brown, and Meyer 
(1963) (see p.44), used by Montazer (1978), also 
incorporates assumptions, including one-dimensional radial 
flow, and a homogenous, isotropic, and confined aquifer.
In addition, drawdown and well-yield data used in these 
methods have been obtained from homeowners and from 
drillers' well completion reports, and are of questionable 
accuracy.

Results of Aquifer Tests
Results of 15 aquifer pumping tests in igneous and 

metamorphic rocks of Colorado's Front Range were obtained 
from the U.S. Geological Survey, The Mountain Water and 
Sanitation District (MWSD), Denver-area consultants, and 
the literature (Shehata, 1971) to determine a range of 
fractured-aquifer hydraulic characteristics (table 5). 
Transmissivity values were obtained from each test.
However, only three values of specific yield were
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TABLE 5
Aquifer-test results and estimations of transmissivity and 
hydraulic conductivity.

Rock
Type Sy *1 “2 &1 ~2 ~3
biotite - 53 178/325 .22/.12 1.6 1.0
gneiss

migmatite - 12 44/217 .04/.03 .65 .32
migmatite - 46 120/222 .17/.10 .95 .67
migmatite - 7 16/32 .02/.01 - -
migmatite - 40 64/110 .16/.09 .26 .27
migmatite - 621 462/743 2.2/1.3 3.7 1.9
S iIver - 8664 17257/23262 32/18 244 253
Plume 

feldspathic — 936 1348/2328 3.2/1.9 26 23
gneiss

biot/sillim i •  - 912 1338/2274 3.4/1.6 22 18
gneiss

? 6X10™;? 100 105
S iIver 4X10 5077 4908 18/10 16 8.6
Plume

Silver - 28 83/164 .14/.07 1.4 1.9
P 1ume .

granitic 3X10 73 - - - -
gneiss

schist & - 8 28/42 .09/.03 .29 .52
skarn

S iIver - 3 21/49 .29 .52
Plume

Sy = aquifer test specific yield; T. and T« = 
transmissivities in gpd/ft from aquifer test data and- 
estimated using Czarnecki estimation method (Sy = 10 '/Sy = 
10 ), respectively; and K- = hydraulic
conductivities in gpd/ft estimated from division of 
transmissivity by saturated thickness (aquifer thickness = 
300 ft/500 ft), the partial-pénétrâtion equation of Todd 
(1959), and the Dupuit equation, respectively.
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available. An estimation method developed by Czarnecki and 
Craig (1985) was used to calculate a second transmissivity 
value from the test data. The Czarnecki/Craig (1985) 
method directly solves the specific capacity equation of 
Theis, Brown, and Meyer (1963) (see page 46), therefore 
eliminating the errors associated with interpolating 
between type curves. These errors can be especially 
significant for units with small transmissivity values.

Use of the Czarnecki/Craig (1985) method requires a 
value of specific yield. For the aquifer tests which did 
not result in a specific yield value, the transmissivity
calculation was performed twice using arbitrary values.

-2 -5These values were 10 and 10 , which represent estimated
upper and lower ranges for igneous and metamorphic rocks. 
When an aquifer test resulted in a value of specific yield, 
only this value was used in the transmissivity 
calculation. Hydraulic conductivities were calculated 
using the Dupuit equation (see p. 43), the equation of 
drawdown for partially penetrating wells used by Montazer 
(1978) (see p.44), and by dividing aquifer test 
transmissivities by estimated minimum and maximum values of 
the saturated thickness of the aquifer [300 ft (91 m)/500 
ft (152 m ) ] (Harden, 1986; Elmgreen, 1986).
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The aquifer tests were analyzed by varying
combinations of the Theis and Jacob time-drawdown methods
and the residual-drawdown time-recovery method. Time-
drawdown plots for ten of fourteen tests were either
reasonably straight-line semi-log plots or matched
reasonably well to the Theis-type curve (figure 27); this
indicates that the crystalline aquifer is similar to a
porous medium. Deviations from the porous media models in
the four remaining tests were not significant enough to
prevent the use of the Theis or Jacob methods to compute
approximate values of transmissivity.

Most of the transmissivities calculated using the
Czarnecki/Craig (1985) estimation method are greater than
the aquifer-test values (table 5). Specific yield values 

-2of 10 gave answers which more closely resembled the
- 5aquifer-test values than 10 d id. The Czarnecki/Craig 

(1985) method worked well in two cases where specific yield 
values were known from the aquifer tests.

Hydraulic conductivities calculated by dividing 
transmissivity by an estimated saturated thickness are 
mostly an order of magnitude smaller than values calculated 
by the Dupuit or partial-pénétrâtion equations (table 5). 
These calculated values may be inaccurate because: (1) the
tested wells may be partially penetrating and may not be
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FIGURE 27. Results of an aquifer test in migmatites in the 
Front Range of Colorado.
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drawing water from the entire saturated thickness, and (2) 
the values of saturated thickness used may be incorrect.

Values in table 5 and contained in the literature 
indicate that typical hydraulic conductivities and
transmissivities for gneisses and migmat ites range from

20.01 to 30 gpd/ft and 1 to 1000 gpd/ft, respectively; most 
transmissivities are less than 200 gpd/ft. Migmatites may 
tend to have lower hydraulic conductivities than non- 
migmatized gneisses. Hydraulic conductivities and 
transmissivities of batholithic igneous rocks may be 
several times larger than those of gneisses and migmatites.

Studv-Area Aquifer Tests
Two aquifer tests, which resulted in transmissivities 

of 5077 and 8 gpd/ft (table 5), were performed within the 
study area. The pumping and observation wells for the 
first test are located next to an intermittent stream in 
the NW 1/4 SW 1/4 28 (wells K6 and K7 on figure 28); the 
two wells are about 10 ft (3 m) apart from each other, and 
appear to be completed in Silver Plume quartz monzonite.
The static water levels prior to the test were 9-11 ft (2.7- 
3.4 m) below ground surface, and the total drawdown in the 
pumping well was 6 ft (2 m ) . The driller's log for the 
well stated that the top 10 ft (3 m) penetrated consisted 
of "top soil." The large transmissivity computed for the



FIGURE 28. Water-well location map. C2, K5, and 40 are
all well numbers.
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aquifer may be due to: (1) lineament zone contributions
(see figure 7), (2) weathered zone contributions, and (3)
proximity to the nearby stream.

The smaller transmissivity was obtained from a 
ridgetop well drilled into inter layered sillimanite schists 
and skarn rocks (well K14 on figure 28). The pumping rate 
was about 1 gpm, and the initial static water level was 215 
ft (66 m) below ground surface. Total drawdown was about 
50 ft (15 m ) . No drawdowns were detected in observation 
wells located about 300 and 450 ft (91 and 137 m) from the 
pumping well (wells Cl and K13 on figure 28). Test records 
indicate that the pumping rate varied by as much as 30% 
during the test. Because of this variation, and because 
the aquifer may not be similar to a homogenous porous 
medium, the time-drawdown data were variable. A 
transmissivity value was determined from a semi-log plot of 
drawdown divided by discharge (s/Q) versus time using the 
Jacob method. A value of 11.5 gpd/ft was obtained from a 
log-log plot of s/Q vs. time using the Theis method. These 
transmissivity values are on the low end of the range of 
transmissivities in table 5. Because permeability tends to 
decrease with depth (figures 16 and 26), the deep water 
level may be a principal cause of the low transmissivity.
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Well Hvdrograoh Analysis 
Well hydrographs composed of data obtained from 

Conifer Mountain Homeowners Association/Mountain Water and 
Sanitation District (CMHA/MWSD) wells, and wells monitored 
by the author were analyzed for seasonal water-level 
fluctuations (Appendix 1). Well locations are shown in 
figure 28.

Accuracy of CMHA/MWSD Data
CMHA/MWSD wells are not supposed to be used for 24 

hours prior to a measurement in order to allow the water 
level in the well to recover from pumping. Volume flow 
meters were installed on each C-series well (CMHA/MWSD 
homeowner well) by CMHA/MWSD to monitor compliance with the 
shutdown period; the meters were read prior to and after 
each 24-hour shutdown period. The meters register well use 
after 100 gallons are pumped. For instance, if the meter 
read 2500 gallons prior to the shutdown period, then more 
than 2500 but less than 2600 gallons had been pumped from 
the well up to that point. If the same meter read 2600 
gallons after 24 hours, from 1 to just less than 200 
gallons could have been pumped from the well. If the meter 
still read 2500 after 24 hours, then less than 100 gallons 
were pumped during the shutdown period.
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Some K-series wells (CMHA/MWSD municipal wells), 
particularly K2, were not always shut down for 24 hours 
prior to static-level measurement (therefore introducing 
measurement error) due to the water needs of the district. 
This occurred mostly during winter months when well yields 
were diminished.

Seasonal Static Water-Level Fluctuations
Ground-water levels are highest during the spring as a 

result of snowmelt and spring precipiptation. Levels tend 
to decline gradually throughout the summer, fall, and 
winter, although heavy summer rains can temporarily reverse 
this trend (figure 29). The rate of water-level decline is 
often most rapid during the winter months when much of the 
available moisture is frozen. The water table has a 
minimum elevation in January, February, or March.

Large differences in the magnitudes of temporal water- 
level changes are observed in two sample sets of 
hydrographs. Sample set 1 consists of 39 hydrographs which 
contain at least one data point for most or all of the 
months from July 19 85 to May 19 86. The set contains data 
from both CMHA/MWSD wells and author-monitored wells (table 
6). Hydrographs which lack data points in the critical 
months of January-February and Apri1-May were not used. 
Sample set 2, consisting only of data from CMHA/MWSD wells.
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TABLE 6
Static water-level fluctuations for sample sets 1 and 2.

Set 1 Set 2
no. of wells 39 24

range (ft) 1-120 3-126
mean (ft) 18.6 32.4

median (ft) 11.0 15.0
Std. Dev. 25.3 36.3
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contains 24 hydrographs with data points from July 1983 to 
June 198 4 (table 6). Thirteen wells in set 2 are also 
contained in set 1.

The magnitudes of water-level fluctuations were 
compared with rock type and topographic position.

Static Water-Level Fluctuations Versus Rock Type
A comparison of static water-level fluctuations versus 

rock type for the sample sets revealed that water-level 
fluctuations in biotite gneiss wells appear to be 
consistently small compared to those of other rock types 
(table 7). The gneisses were often highly weathered, and 
outcrops were scarce. A surficial weathered zone may be a 
porous reservoir above the underlying fractured bedrock, 
acting to reduce the fluctuations of the water table.

Fluctuations in sillimanite schist and quartz 
monzonite water levels tend to be greater and more varied 
than in the biotite gneiss. Mean and median values for the 
three rock types indicate that the average seasonal 
fluctuations in water level are probably not large enough 
to greatly affect well yields.

Three hydrographs show water-level trends in alluvium 
and weathered rock (appendix 1). Well 19 is either 
completed in grus developed on quartz monzonite or in a 
weathered zone over sillimanite schist. Well 60 is drilled
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T A B L E  7

Static water-level fluctuations versus rock type.

Sample Rock N o . of Amount of Fluctuation Range Std.
Set Type Wells Mean(ft) Median(ft) (ft) Dev.
1 bg 10 8.6 5.5 1-26 8.3

ss 10 20.7 11.0 1-120 35.4
sp 19 22.8 17.0 1-98 24.7

2 bg 3 11.7 13.0 6-16 5.1
ss 7 30.9 18.0 4-84 32.9
sp 14 37.6 15.0 3-126 41.2

"bg” refers to biotite gneiss ; "ss" and "sp" refer to 
sillimanite schist and Silver Plume quartz monzonite, 
respectively.



T-3319 88

through alluvium which is probably partly saturated. In 
each case the water table is very stable. In contrast, 
well 39, which was drilled to the bedrock surface through a 
50-ft (15-m) thick weathered zone developed on biotite 
gneiss, evidenced a seasonal static-level decline similar 
to that observed in many bedrock wells.

Static Water-Level Fluctuations Versus Topography
The differences in water-level fluctuations due to 

topography are minimal (table 8).
Variability is highest for wells located in draws ; 

however, this is due to the presence of 1-2 unusually large 
values in the data sets, and may not be significant.

Geologic Controls on the Availability of Ground Water

Validity of Well Yield Data
The validity of the yield data obtained from the 

drillers’ well completion reports, which are on file at the 
Colorado State Engineer’s Office, was determined by two 
methods :
1. Yield values from 387 recovery tests in wells completed 
in igneous and metamorphic rocks--mostly within several 
tens of miles of the study area--were obtained from a 
reputable pump installer. These yield values were compared 
with yields of 290 study-area wells obtained from drillers’
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TABLE 8
Static water-level fluctuation versus topography.

ample
Set

Topo. 
Position

N o . of 
Wells

Amount of 
Mean(ft)

Fluctuation 
Median(ft)

Range
(ft)

Std . 
Dev.

1 ridge 6 13.0 13.0 3-20 6.4
slope 17 22.5 12.0 1-98 26.4
draw 13 17.6 10.0 1-120 31.7

2 ridge 5 40.6 18.0 13-84 34.4
slope 8 33.5 15.5 6-87 34.6
draw 7 36.7 12.0 3-126 50.0
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well completion reports.
2. Yields of study-area wells drilled by a company thought 
to occasionally exaggerate well yields were compared with 
well yields reported by two drilling companies thought to 
be honest and conscientious. Information regarding the 
companies was obtained from homeowners and pump installers.

The distributions of yields within the recovery-test 
and driller's-report data sets are similar (table 9). The 
yields reported by the three different drilling companies 
also have similar distributions (table 10). Therefore, all 
of the drillers’ data obtained from the Colorado State 
Engineer’s Office was used in the subsequent analyses.

Well Yield Versus Topography
The topography within the study area was divided into 

ten categories, six of which are shown in figure 30.
Slopes and draws were further subdivided into three sub
categories --upper , middle, and lower--to reveal further 
variations.

Mean and median well yields are predictably greatest 
in valleys and draws, intermediate on slopes, and least on 
ridges and saddles (table 11 and figure 31). However, the 
variability of well yields is greatest in the valleys and 
draws; this may be due to effects of weathering products 
and fracture zones. The part of the slope on which a well
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TABLE 9
Recovery-test yields of 387 Colorado Front Range wells 
completed in igneous and metamorphic rocks compared with 
yields of 290 study-area wells obtained from drillers' well 
completion reports.

Yield Category % of Wells
 (qpm)______ Recovery Test Drillers' Data

0-1.00 19.4 22.4
1.01-2.00 17.1 24.5
2.01-3.00 13.4 11.5
3.01-4.00 8.0 8.0
4.01-5.00 8.5 8.7
5.01-6.00 8.5 4.9
6.01-8.00 20.6 7.3
8.01-10.00 3.9 5.6
10.01-12.00 0.6 0.7
12.01-14.00 0 0
14.01-16.00 0 5.6
16.01-18.00 0 0.3
18.01-20.00 0 0.5
>20.01 0 0.5

TABLE 10
Comparison of 33 well yields from a drilling company 
thought to occasionally exaggerate yields (driller A) with 
53 yields from 2 drilling companies thought to accurately 
report yields (driller B&C).

% of Driller % of Driller
Well Yield (qpm) A Wells B&C Wells

0-1.0 15 16.5
1.1-2.0 33 32.5
2.1-3.0 27 13.5
3.1-4.0 3 7.5
>4.0 22 30
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RIDGE SADDLE

SLOPED RIDGE
Broken

FIGURE 30. Topographic categories used in well-yield and 
depth-to-static-water-level analyses.
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TABLE 11
Well yield versus topography •

Topographic No. Of Range Mean Med ian Std
Position Wells ( GPM ) (GPM) (GPM) Dev

ridge + saddle 38 0-28 3 . 4 2.0 5.0
sloped ridge 11 .8-15 4.2 2.5 4.3
flat upland 14 . 5-15 4.2 2.0 4.2
upper slope 32 .2-15 4.5 3.0 4.0
middle slope 32 .1-15 5.2 3.5 4.6
lower slope 28 .5-15 4.5 2.8 4.2
upper draw 11 .3-17 5.2 3.0 5.0
middle draw 8 1.5-16 6.2 2.1 6.4
lower draw 8 1-16 7.2 6 . 6 4.5
valley 9 1-23 6 . 6 4.0 7.5
all draw 27 .3-17 6.1 5.0 5.2
all slope 88 .1-15 4.6 3.0 4.1
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valleys and draws 
(36 wells)

xdraws (27 wells)
+ slopes (92 wells) 
o flat upland areas 

(14 wells)
□ ridges, sloped ridges, 

and saddles (49 wells)

WELL YIELD ( GPM)

FIGURE 31. Distribution of well yields for various 
topographic categories.
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is located (upper, middle, lower) doesn’t appear to 
influence yield. Although based on limited data, figure 31 
may be used as a first approximation of the probability of 
obtaining a given well yield in a given topographic 
setting. The erratic nature of the flat upland line is 
probably due to the small number of values in this 
category.

Some flat upland areas may have good well yields 
(LeGrand, 1954). These areas are described as areally 
extensive and are characterized by a substantial, partially- 
saturated weathered mantle. This mantle, like the alluvium 
of the valleys, acts as a porous reservoir for water 
flowing into underlying fractures (LeGrand, 1954). In 
contrast, the parts of the study area termed flat uplands 
tend to be small breaks in the topographic slope. However, 
well-developed weathering horizons were sometimes observed 
(figure 32). Four wells completed entirely in the 
weathered zone and ranging from about 20-50 ft (6-15 m) in 
depth were encountered in these areas; two of the wells 
were large-diameter dug wells. Personal conversation with 
the owners of one of the dug wells revealed that the well 
supplied their water needs reliably throughout the year.
The yields of these four wells are not known, and are 
therefore not included in table 11.
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Some of the relationships between well yield and 
topography may be explained by the depths to the static 
water level in the various topographic classes (table 12). 
The static water-level depths are directly related to 
topography. The mean and median depths to water are least 
in lower draws and valleys, and greatest on ridges and 
saddles. The variability of water-level depths is greatest 
on ridges, saddles, and upper slopes.

The topography/water-level relationships support the 
validity of the ground-water flow system depicted on the 
water-table map (plate 4). Recharge areas, located on 
ridgetops, can be characterized by low well yields and deep 
water levels. Discharge areas, located in valleys and 
draws, can be characterized by high well yields and shallow 
water levels.

Well Depth Versus Rock Type
If metamorphic rocks are poorer aquifers than igneous 

rocks, wells completed in metamorphic rocks would have to 
be drilled deeper on the average to obtain an adequate 
yield than wells in igneous rocks. A compilation of well 
depth and rock type data (table 13) reveals that well 
depths appear to be less in the Silver Plume rocks than in 
metamorphic rocks. The type of metamorphic rock is not a 
major factor except in the migmatitic sillimanite gneiss
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TABLE 12
Depth to static water level versus topography.

Topographic N o . of Range Mean Med ian Std
Cateaorv Wells (ft) (ft) (ft) Dev

ridge + saddle 34 16-330 122 100 80
sloped ridge 7 30-290 129 150 89
flat upland 15 28-150 72 70 34
upper slope 32 1-350 92 75 75
middle slope 30 14-208 62 49 42
lower slope 23 4-125 47 50 32
upper draw 11 8-185 62 40 62
middle draw 11 10-220 57 35 60
lower draw 7 5-66 24 17 21
valley 11 2-100 25 12 32
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TABLE 13 
Well depth versus rock type.

N o . of Range Mean Median Std
Rock Tvoe Wells (ft) (ft) (ft) Dev
Silver Plume 59 55-605 261 235 149
Silver Plume with 19 120-700 370 325 186

minor metamorphics
all biotite gneiss 43 64-800 269 262 138
biotite gneiss with 12 84-420 219 195 103

minor Silver Plume
biotite gneiss without 25 85-503 289 280 100

minor Silver Plume
all sillimanite schist 45 58-520 273 250 124
sill, schist with 42 58-555 304 295 136

minor Silver Plume
sill, schist without 11 140-485 250 250 106

minor Silver Plume
migmatit ic sillimanite 10 196-520 383 380 105

gneiss
alluvium 9 68-525 265 200 165
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domain. This domain contains mica-rich zones which may be 
caused by displacement of micas by igneous injection 
material, and their subsequent recrystal1ization in border 
zones (figure 33). The presence of these incompetent, 
easily-weathered zones may reduce the ground-water 
productivity of this domain. The overall differences in 
means, medians, and variabilities of well depth with rock 
type are small.

Well Yield Versus Rock Tvoe
Well yields for the various rock-type categories are 

summarized in table 14 and figure 34. Yields and 
variability are greatest where alluvium is present, and 
least for wells drilled into migmatitic sillimanite 
gneiss. Yields of wells for other rock types are in 
between these extremes. The mean and median yields of 
sillimanite schist wells contradict expectations. Previous 
studies have indicated that schists are not productive 
aquifers (Davis and DeWiest, 1966; Wahlstrom, 1981). Mean 
and median depths to the static water level in sillimanite 
schist wells are 20-40% deeper than for wells drilled into 
biotite gneiss or quartz monzonite. The results in table 
13 may indicate the importance of foliation-parallel 
flowpaths in ground-water systems. Foliation-parallel
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TABLE 14 
Well yield versus rock type.

N o . of Range Mean Median Std
Rock Tvoe Wells (GPM) (GPM) (GPM) Dev
Silver Plume 57 .5-16 3.7 2.0 3.6
Silver Plume with 18 0-20 6.1 5.2 5.9

minor metamorphics
all biotite gneiss 42 0-15 3.9 2.0 4.3
biotite gneiss with 11 .2-15 3.4 2.0 3.4

minor Silver Plume
biotite gneiss without 23 0-15 4.1 1.5 4.7

minor Silver Plume
all si11imanite schist 48 .1-16 5.4 4.5 4.4
sill, schist with 42 .1-16 4.9 2.5 4.7

minor Silver Plume
sill, schist without 12 1-10 5.2 5.0 2.6

minor Silver Plume
migmatitic sillimanite 8 .3-2 1.4 1.5 0.5

gneiss
alluvium 10 1.5-23 9.5 6 . 6 7.4
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Q
□ alluvium (10 wells) 
o sillimanite schist (49 wells)

Silver Plume (57 wells) 
biotite gneiss (42 wells) 
migmatitic 
sillimanite gneiss (8 wells)

I— I

WELL YIELD ( GPM)
FIGURE 34. Distribution of well yields for various 

hydrogeologic domains.
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partings were observed more often in sillimanite schist 
than in biotite gneiss (figures 5 and 6).

Well Yield Versus Distance from a Fold Axis
Well yields within approximately 500 ft of a mapped 

fold axis were plotted against distance from the axis 
(figure 35). Distances were measured on a 1:8000-scale map 
containing both well and fold-axis locations. The measured 
distances are approximate due to the approximate locations 
of the fold axes. Wells that are near both a fold axis and 
a photo lineament are not included in this analysis.

Data for the 22 wells plotted do not reveal any 
trends. The results indicate that well yields are not 
affected by proximity to fold axes.

The Effect of Lineaments on Well Yield

Description of data base. The 49 photo lineaments 
delineated within the study area were drawn on a 1:8000- 
scale topographic map containing the locations, yields, and 
depths of study-area wells. Twenty-five of the lineaments 
had at least 1 well located within approximately 400 ft; 77 
wells were located within approximately 400 ft of a 
lineament. One or more additional lineaments were judged 
to be close enough to 5 of the 77 wells that the yields of 
the wells may be affected by more than 1 lineament. These
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FIGURE 35. Well yield versus distance from a fold axis for 
22 wells.
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5 wells were not used in the analysis. Additionally, 5 
wells suspected of receiving water from alluvium were not 
included, leaving a total of 67 wells.

The distances between wells and lineaments are 
approximate. The locations of 60 of the 67 wells were 
field-checked; the distance for each of the remaining 7 
wells was taken to be the distance from the center of the 
house to the lineament.

Well yield versus distance from a lineament. Mean and 
median yields tend to be highest approximately 100-200 ft 
(30-61 m) from a lineament (table 15). However, the 
differences in yields between 0 and 300 ft (0 and 91 m) are 
small.

TABLE 15
Well yield versus distance from an aerial-photo lineament.

Distance From N o . of Range Mean Median Std
Lineament (ft) Wells (aom) (crnm) (Qpm) Dev

0-100 23 .1-15 4.2 2.0 4.4
101-200 17 .5-15 5.3 4.5 4.1
201-300 12 .2-18 4.0 2.2 5.0
301-400 8 .2-7.7 3.1 3.0 2.4

A plot of well yield versus distance from a lineament 
for various hydrogeologic domains (figure 36) reveals that 
greater-than-average well yields in most rock types are
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o Silver Plume (27 wells) a sillimanite schist (18 wells) 
x biotite gneiss (19 wells) * migmatitic sillimanite

gneiss (3 wells)
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FIGURE 36. Well yield versus distance from a lineament for 
various hydrogeologic domains.
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observed at distances of 80 to 180 ft (24 to 55 m), 
supporting the findings of Hurr and Richards (1974). For 
example, five of 7 wells completed in Silver Plume quartz 
monzonite which are within about 80 ft of a lineament have 
yields at or below the median yield for that rock type (see 
table 14). Nine of 10 Silver Plume wells located between 
about 80 and 200 ft (24 and 61 m) from a lineament have 
yields above the median; most of these 9 yields are 
substantially above the median. Seven of 10 Silver Plume 
wells located between about 200 and 400 ft (61 and 122 m) 
from a lineament also have above-median yields, indicating 
that in a competent rock, structural disturbances may be 
propagated considerable distances from the core of the 
disturbance. Most of these 7 yields are closer to the 
median than the above-median yields in the 80-200-ft (24-61- 
m) category.

The concentration of low yields in biotite gneiss in 
the 200-240-ft (61-73-m) range may indicate that most 
structural disturbances do not influence this rock type at 
these distances. The 5.9- and 18-gpm yields in biotite 
gneiss on the right side of the diagram are located about 
380 and 300 ft (119 and 91 m), respectively, from major 
fault or fracture zones. In these cases the effects of
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the disturbance may be felt farther from the core of the 
disturbance.

Uniqueness of a lineament's effect on well yield. 
Different structural features may have unique 
characteristics that influence the yields of nearby wells 
in a similar manner. Yields of wells near to the same 
lineament were examined for trends. Three of the 49 
lineaments each have from 7 to 9 wells within about 400 ft 
(122 m ) . Each of these lineaments is a major feature 
recognizable on photographs for a least 8000 ft. The 
yields of these wells, differentiated by lineament, were 
plotted against distance from the lineament (figure 37). 
Some clustering of yields for similar distance ranges can 
be seen, indicating that there may be a tendency for wells 
drilled at similar distances from the same lineament to 
have similar yields.
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FIGURE 37. Well yield versus distance from a lineament for 
each of three specific lineaments. Data-point 
clusters are indicated.
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CONCLUSIONS

This study determined the configuration of the ground
water table, documented the seasonal fluctuations in the 
depth to the water table, and analyzed the geologic 
controls on the occurrence of ground water in the Shaffers 
Crossing area and vicinity. Collection of geologic 
information by aerial-photo and field reconnaissance 
resulted in geologic and lineament maps, and joint 
orientation/density data. Periodic measurements of the 
depth to the static water level in wells enabled the 
construction of a water-table contour map and hydrographs. 
Existing data concerning well yield and depth, and depth to 
the static water level was combined with the geologic and 
hydrogeologic information to analyze the geologic controls 
on the occurrence of ground water.

Metamorphic rocks have at least 7 joint sets; the 
Silver Plume quartz monzonite has at least 5 sets. Joints 
trending N23W-N40W have the highest densities; there are 
also a large number of photo-lineaments trending N30W- 
N45W. The highest joint densities are found in skarn rocks 
and in pegmatitic, aplitic, and granitic intrusions. 
Sillimanite schists have the lowest joint densities. Joint 
densities in quartz monzonite and biotite gneiss are
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intermediate; small bodies of quartz monzonite are more 
fractured than main bodies.

The water table reflects surface topography, as is 
expected for an unconfined aquifer system, indicating that 
the bedrock acts like a porous medium. Less-permeable 
zones, which may be fracture zones, locally restrict ground
water movement. Mean and median depths to the static water 
level are highest and most variable on ridges, saddles, and 
upper slopes, and lowest in valleys and draws, which are 
discharge areas. Most recharge to the aquifer occurs 
between March and August; occasional late fall storms may 
also be good recharge events. Consequently, maximum and 
minimum ground-water elevations tend to occur in late 
spring and winter, respectively. Topography has little 
effect on the amount of fluctuation in the static water- 
level depth. Water-level fluctuations and variablility are 
lowest in the biotite gneiss domain.

At least 50% of all wells included in the study yield 
less than 3 gpm; most of these yield less than 2 gpm. Well 
depth is not a significant factor affecting well yield. 
Drillers1 records indicate that the best water yields are 
found above the 300-ft (107-m) depth. Mean and median well 
yields and variability are greatest in valleys and draws ; 
well yields are least on ridges and saddles. The variation
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in well yield with topography is probably influenced by the 
depth to the static water level in the various topographic 
categories.

The rate of decrease in permeability with depth is 
most rapid in the biotite gneiss domain, but the 
differences in rate between 1ithologies are small.
However, comparison of well depths and rock type indicates 
that deeper wells are needed for adequate yields in 
metamorphic rocks than in quartz monzonite, especially in 
the migmatitic sillimanite gneiss domain. With the 
exception of migmatitic sillimanite gneiss, differences in 
well depth with rock type are small. Well yields and 
variability are greatest where alluvium is present, and 
least in the migmatitic sillimanite gneiss domain. Yields 
and variability of wells in other hydrogeologic domains are 
intermediate. The relatively large ground-water 
productivity of the sillimanite schists may be due to 
foliation-parallel flowpaths.

Previous studies, including aquifer tests, indicate
that typical transmissivities and hydraulic conductivities
of gneisses and migmatites range from 1-1000 gpd/ft and 0.1- 

230 gpd/ft , respectively. Conductivities and 
transmissivités are frequently less in migmatites than in 
gneisses. Hydraulic conductivities and transmissivities in
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Silver Plume quartz monzonite may be several times greater 
than in gneisses or migmatites. Transmissivities 
calculated from aquifer-test data using an estimation 
method reported by Czarnecki (1985) are mostly higher than 
values obtained from analysis of the aquifer tests.

Well yields are not affected by proximity to fold axes 
in metamorphic rocks. Wells located 100-200 ft (30-61 m) 
from photo lineaments have greater yields than wells 
located less than 100 ft (30 m) or more than 200 ft (61 m) 
from lineaments. However, the differences in yields 
between 0 and 300 ft (0 and 91 m) are small. Limited data 
indicate similarities in yields of wells located at similar 
distances from the same lineament.

Analyses of the geologic controls on well yields 
indicate that the optimum location for a well is in a 
valley or draw. In such places alluvium, shallow static 
ground-water levels, potentially high fracture densities, 
and a constant recharge source may all contribute toward 
enhancement of well yields.

Recommended topics for additional study include :
1. the relationships between joint density, well yield, and 
textural and minéralogie variation in the Silver Plume 
quartz monzonite;



T-3319 115

2. the effect of lineaments on well yield. Specific topics 
include: (a) the topics covered in this study, using
greater amounts of data and more-precise distance 
measurements, and (b ) the effects of lineament length and 
strike;
3. the effect of fold axes on well yields, using a larger 
data set and fold axes in differing rock types; and
4. steady state, regional, numerical modeling of ground
water flow within the study area. Specific objectives 
include further quantification and analysis of the spatial 
variation of hydraulic conductivity, specific yield, and 
ground-water recharge rates.
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□ ALLUVIUM HYDROGEOLOGIC DOMAIN 
(Quaternary)

(Qal) ALLUVIUM: gravel, sand, and silt
BIOTITE-GNEISS HYDROGEOLOGIC DOMAIN 

(pre-Boulder Creek Orogeny age, i.e. more than 1.75-1.69 b.y. old)
(fb) MICROCLINE-BIOTITE-ANDESINE-QUARTZ GNEISS: finely- to
medium-banded, fine-grained, xenoblastic; bands of granoblastic 
microcline and quartz alternate with darker bands of plagioclase, 
quartz, and biotite. Quartz 43%, microcline 10%, andesine 25%, biotite 
20%, muscovite 2%.
(b) BIOTITE-QUARTZ-ANDESINE GNEISS : salt and pepper appearance,
fine-grained, xenoblastic. Quartz 30%, andesine 50-55%, biotite 15%, 
magnetite 1-2%.
(f) BIOTITE-ANDESINE-QUARTZ GNEISS: finely-banded, fine-grained,
xenoblastic; sericitized andesine-rich bands alternate with quartz-rich 
bands. Quartz 55-60%, andesine 35-40% (partially sericitized), biotite
(bs) QUARTZ-PLAGIOCLASE-BIOTITE SCHIST: generally medium-grained, with
biotite content typically 40-60%.
(h) QUARTZ-HORNBLENDE-ANDESINE GNEISS : weakly-banded, fine-grained,
hypidioblastic, granoblastic, nematoblastic. Quartz 23%, andesine 50%, 
hornblende 23% (partially altered to chlorite), biotite 2%, magnetite

(am) AMPHIBOLITE: massive, fine-grained, hypidioblastic,
nematoblastic. Quartz 4-5%, labradorite 43-44% (70-75% sericitized) , 
hornblende 52%.

SILVER-PLUME HYDROGEOLOGIC DOMAIN 
(sp is 1.47-1.39 b.y. old, pp is 1.02 b.y. old, wq is more than 1.02 
and less than 1.69 b.y. old, gg is more than 1.75-1.69 b.y. old)
(sp) SILVER PLUME QUARTZ MONZONITE: holocrystalline, 
porphyritic-phaneritic; hypidiomorphic to idiomorphic, medium- to 
coarse-grained microcline phenocrysts in a medium-grained, 
hypidiomorphic-granular matrix. Quartz 25-30%, microcline 40%, 
oligoclase 25-30%, biotite 5-6%, muscovite 1-2%.
(pp) PIKES PEAK GRANITE: holocrystalline, porphyritic-phaneritic, with
medium- to coarse-grained, hypidiomorphic microcline phenocrysts in a 
fine-grained, hypidiomorphic-granular matrix. Chilled-border facies of 
Pikes Peak peraluminous granite. Quartz 38-43%, andesine 14-19%, 
microcline 38%, biotite 3%, muscovite 2%;
(wq) WHITE LEUCO QUARTZ MONZONITE: holocrystalline, medium- to
coarse-grained, hypidiomorphic-granular; quartz grains have sutured 
grain boundaries. Quartz 38%, microcline 36%, plagioclase 24% (60-80% 
sericitized), muscovite 2%.
(gg) BIOTITE-MICROCLINE-OLIGOCLASE-QUARTZ GNEISS: weakly-foliated,
fine-grained, porphyroblastic, xenoblastic to hypidioblastic. Quartz 
40-43%, oligoclase 25-26%, microcline 23-26%, biotite 6-7%, muscovite

MIGMATITIC-SILLIMANITE-GNEISS HYDROGEOLOGIC DOMAIN 
(more than 1.75-1.69 b.y. old; migmatized 1.47-1.39 b.y. ago)

(ms) MIGMATITIC SILLIMANITE-BIOTITE-PLAGIOCLASE-MICROCLINE-QUARTZ 
GNEISS: hypidioblastic; light-colored bands of medium-grained, 
granoblastic quartz and microcline alternate with darker bands of 
medium-grained sillimanite, quartz, plagioclase, and biotite. Quartz 
59%, microcline 22%, plagioclase 10% (25% sericitized), biotite 8%, 
muscovite 1%. Becomes mica-rich and schistose locally, with mica 
contents ranging up to 50%.

□

SKARN HYDROGEOLOGIC DOMAIN 
(pre-Boulder Creek Orogeny age, i.e. more than 1.75-1.69 b.y. old)

(g) EPIDOTE-DIOPSIDÈ-ACTINOLITE SKARN: hypidioblastic, nematoblastic,
with fine-grained quartz, actinolite and epidote, and fine- to 
medium-grained diopside. Hand specimens have green color. Epidote 
10-15%, diopside 20-30%, tremolite-actinolite 60-65%, quartz 4%, sphene
(qt) ACTINOLITE-MAGNETITE QUARTZITE : granoblastic, with discontinuous
stringers of fine- to very fine-grained actinolite and magnetite.
Quartz 91%, magnetite 5%, actinolite 4%.

SILLIMANITE-SCHIST HYDROGEOLOGIC DOMAIN 
(pre-Boulder Creek Orogeny age, i.e. more than 1.75-1.6 b.y. old)

biotite

X

(Sb) SILLIMANITE-PLAGIOCLASE-BIOTITE-QUARTZ SCHIST: fine- to
medium-grained, xenoblastic to hypidioblastic, nematoblastic, 
occasionally porphyroblastic. Quartz 50-60%, plagioclase 10%,
20-30%, sillimanite 10-18%.
(sm) BIOTITE-MUSCOVITE-SILLIMANITE-SERICITE-QUARTZ SCHIST: xenoblastic
to hypidioblastic, nematoblastic, porphyroblastic; medium- to 
coarse-grained sillimanite porphyroblasts in a fine- to very 
fine-grained matrix of quartz, muscovite, biotite, and sericite. A 
finely-banded, granoblastic, quartzose schist variant is found in the 
NE1/4, NE1/4 of section 20. Quartz (6-53%) variable, muscovite 15-20%, 
sericite (5-56%) variable, biotite 0-5%, sillimanite 12-20%.

BRITTLE-INTRUSIVE HYDR)GEOLOGIC DOMAIN 
(Silver Pluma age?)

(p) PEGMATITE: holocrystalline, coarse- to very coarse-grained,
granitic composition.
(a) BIOTITE APLITE: holocrystalline, very fine-grained,
allotriomorphic-granular, weakly-metamorphosed. Bands of granoblastic 
microcline and quartz alternate with darker bands of plagioclase, 
quartz, and biotite. Quartz 42%, feldspar 45-47%, biotite 10-12%, 
muscovite 2%.
(Ig) LEUCO GRANITE: holocrystalline, allotriomorphic-granular,
medium-grained, fractured, with sutured grain boundaries. Fractures 
filled with very fine-grained quartz. Quartz 38%, andesine 41% (mostly 
sericitized), microcline 20%, mica 1%.
(q) QUARTZ: Occurs in dike-like or vein-like bodies.

MIXED ROCKS WITH DOMINANT-IGNEOUS-COMPONENT HYDROGEOLOGIC DOMAIN

MAP SYMBOLS
Pattern overprinting another map unit indicates areas in which occasional 
small bodies of Silver Plume quartz monzonite, ranging in size from 
several feet to several tens of feet, intrude older rocks.
CONTACT— dashed where approximately located, dotted where concealed, 
queried where inferred.

FAULT— dashed where approximately located, dotted where concealed, 
queried where inferred. Arrows show apparent direction of relative 
movement.

FRACTURE ZONE
TRACE OF AXIAL PLANE AND PLUNGE DIRECTION OF FOLD— dashed where

^ ^ . approximately located.

overturned anticline 
syncline 

STRIKE AND DIP OF FOLIATION

GEOLOGIC MAP EXPLANATION STRIKE AND DIP OF DIKE OR SILL— letter indicates rock type ; number in 
parentheses indicates observed width in feet. '

J O H N  R. H I C K S
C O L O R A D O  S C H O O L  O F  M I N E S  
1 9 8 6

T - 3 3 1 9  
P L A T E  2

U188001210234

Underlined unit is the dominant rock type.

Outlines area of higher-than-normal joint density. Queried 
where inferred.
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