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ABSTRACT

The Coconino Sandstone of Permian age is the principal aquifer
for the Woody Mountain well field, a source of municipal water for
the City of Flagstaff. Wells of highest yield are located where
the frequency of occurrence of faults is greatest and where the
principal aquifer is down -faulted. The locations and displacements
of all but the most prominent faults cannot be determined using
conventional geologic mapping techniques because relatively
undeformed Late Cenozoic basaltic lavas cover the faulted Paleozoic
rock terrain.

Approximately 3,500 feet of Paleozoic sedimentary rocks, which
have little magnetic effect and which have a density of approximately
2.4, comprise most of the stratigraphic section in the well field.
The basalt cover is strongly reversely magnetized and has a density
of approximately 2.7. Changes in thickness of the basalt cover cause
changes in the geomagnetic and gravitational field strength.

Analysis of data from geomagnetic and gravity surveys was used to
delineate boundaries and thicknesses of blocks of basalt which fill
down -faulted areas. The correlation coefficient (r2 = 0.96) for
plots of known thicknesses of basalt versus complete Bouguer anomaly
supports use of gravity data to estimate displacement of down -faulted
blocks.

GENERAL

The Woody Mountain well field is a source of municipal water for
the City of Flagstaff. It is located six miles southwest of the city,
and at present (1974) consists of six wells drilled into the Coconino
Sandstone, the principal aquifer for the well field. Growing demand
for water for Flagstaff necessitates expansion of the well field.

Structural features in the Woody Mountain area control the
occurrence and movement of water in the principal aquifer. Wells
with greatest yields occur on the downthrown sides of faults where
the aquifer is depressed and hence more fully saturated, and where
fractures which increase permeability are most abundant.
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Classical geologic maps of the land surface are useful only for
locating the largest structural features. Locations and offsets of
smaller faults are masked by extensive lava flow rocks which post-
date faulting in the well field area.

This study uses data from gravity and magnetic surveys to
delineate structures which occur in the sedimentary rocks and which
are covered by more recent lavas. These studies are made to better
understand the nature of the Paleozoic rock aquifer systems.

GEOLOGIC FEATURES

FORMATION DESCRIPTIONS

Surficial deposits in the well field area are Quaternary in age
and comprise alluvium which crops out in valley floors, and colluvium
which occurs adjacent to the Oak Creek Fault. The top of Late
Cenozoic basaltic and andesitic flow rocks are encountered from 0 to
28 feet below land surface in the well field. Thicknesses of lavas
penetrated by the Woody Mountain wells range from 233 feet to 611
feet (Harshbarger, 1973), and are projected to reach a maximum of
1,000 feet in thickness to the south of the present well field. The
flow rocks cover a major erosional surface on Mesozoic and Paleozoic
sedimentary rocks.

The uppermost sedimentary unit is the Moenkopi Formation of
Triassic age, a thin- bedded, fine -grained, red sandstone and mudstone
aquitard. This unit is absent in the northern part of the well field;
wells in the southern portion of the well field penetrate 67 to 142
feet of Moenkopi, which appears to thicken to the south (Harshbarger,
1973). Underlying the Moenkopi is the Kaibab Limestone of Permian
age, a sandy and cherty dolomitic limestone with an average thickness
of 388 feet in Woody Mountain wells. Underlying the Kaibab is the
Coconino Sandstone of Permian age, a 900 foot thick unit of fine -
grained, cross -bedded sandstone which is the principal aquifer for
the Woody Mountain well field. All of the Woody Mountain wells pene-
trate the Coconino. One Woody Mountain well penetrates the uppermost
part of the underlying Supai Formation, a Pennsylvanian -Permian
aquitard consisting of reddish-brown, fine-grained sandstones, silt -
stones, and thin limestones.

STRUCTURAL FEATURES

The Oak Creek Fault, which trends north -south, is the most
prominent structure in the well field area. The vertical displacement
on the fault is approximately 400 feet in the well field area. The
well field is located on its downthrown (east) side where extensive
fracturing and faulting have shattered the strata, greatly increasing
the permeability of the Coconino aquifer. The precise locations of anti-
thetic secondary faults is uncertain because they are covered by
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volcanic flow rocks, but this and other studies indicate that they
trend northeast and northwest. These structures are interpreted to be
antithetic faults produced by tensional stresses which created a
graben -like structural trough bounded on the west by the Oak Creek
Fault. Antithetic faults are usually parallel with the major faults.
But in the Woody Mountain area it is believed that the trends of
these minor faults were controlled by the preexisting northeast
and northwest regional joint pattern, and are chiefly oblique to
the Oak Creek Fault.

Differences in the altitudes of the contacts between volcanic
rocks and sedimentary rocks appear to be due mainly to faulting rather
than erosion. Downthrown faulted blocks are assumed to be covered
with a greater thickness of basalt, while upthrown blocks are assumed
to be covered with a thin layer of basalt. This assumption is
supported by the observation that present topography in the well
field area is largely controlled by faulting and is also supported
by geologic studies which have shown that several periods of volcanic
activity alternated with several periods of faulting in the Woody
Mountain area (Murray, 1974) and in other nearby areas (Condit, 1973).
Analysis of drillers' logs of Woody Mountain wells indicates changes
in altitudes of formation tops of several hundred feet within short
horizontal distances, but does not indicate erosional surfaces of
high relief on the uppermost Mesozoic and Paleozoic rocks.

HYDROLOGIC FEATURES

Groundwater recharge rates in the Woody Mountain area are high
because porous surficial material including alluvium and colluvium
permit a high rate of infiltration. Large quantities of water reach
the groundwater reservoir via fractures and solution openings.

The principal aquifer in the well field is the Coconino Sandstone;
the water table ranges between 1100 and 1237 feet below land surface
in the well field and is located in the Coconino Sandstone. Perme-
ability of the Coconino Sandstone is directly related to the amount
of fracturing of the rocks of the aquifer. Because the aquifer is
generally extensively fractured near faults, the locations of faults
are important for locating future high yielding wells. The highest
water yields are derived from wells which are located near faults
and which are drilled in downfaulted blocks where a greater thickness
of the Coconino is saturated.

GEOPHYSICAL INVESTIGATION

Geophysical methods were used to locate faults in the Paleozoic
and Mesozoic sedimentary rocks to delineate with greater certainty
the most permeable aquifer zones and determine where the aquifer is
downthrown and therefore more fully saturated. Gravity and magnetic
surveys were made to determine the thickness of the basalt cover in
the area. Abrupt changes in thickness of the basalt cover were
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interpreted to indicate locations of faults. Greater thicknesses of
basalt were interpreted to indicate locations of downfaulted blocks.

MAGNETIC SURVEY

Three parallel north -south magnetic traverses were made through
and to the south of the well field. Each traverse was approximately
2 1/2 miles long and measurements of geomagnetic field strength
were made at 50 foot intervals along each traverse with a proton -
precession magnetometer. The first traverse connects the six wells
and continues to the south; the second traverse is 300 feet to the
east of the first, and the third traverse is 600 feet to the east
of the first. Fig. 4 shows the locations of the traverses.

Local variations in the geomagnetic field are due to magnetic
susceptibility (induced magnetism) and to remanent magnetism of the
mineral magnetite in rocks. Variations of magnetic field strength due
to susceptibility reinforce the strength of the earth's field; while
variations due to remanent magnetism can either reinforce the earth's
field or partially cancel it depending on the direction of remanent
polarity. If rocks are normally magnetized the remanent vector
reinforces the earth's field and a "magnetic high" of several hundred
gammas may result. If rocks are reversely magnetized and if the
remanent field is stronger than the field due to susceptibility,
the net result is a reduction of the strength of the earth's field and
a "magnetic low" will result.

A paleomagnetic study of basalts at the head of Oak Creek Canyon
indicated that all basalts at that location are reversely polarized
(Gray, 1974, oral communication) and that the field due to remanent
magnetism is stronger than the field due to susceptibility. The Oak
Creek basalts are believed to be contemporaneous in age with the
basalts at Woody Mountain (Murray, 1974); it is assumed that the
volcanic rocks at Woody Mountain are also reversely polarized.

In the well field area the basalts have been faulted and the
downthrown blocks have been covered with younger basalt. Because the
basalts are reversely polarized, the highest magnetic readings would
be expected over the thinnest basalts adjacent to faults. If
magnetic field strength were measured along a line from one side of
a fault to the other and the measurements were plotted as a profile,
the data would plot as a curve that looks like the curve shown
schematically in Fig. 1, with the inflection point of the curve being
in the proximity of the fault.

GRAVITY SURVEY

A gravity survey was made along the line of the first magnetic
traverse to augment data from the magnetic survey. A Lacoste -Romberg
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Fig. 1. Theoretical magnetic profile over reversely polarized, faulted
basalt.

gravity meter was used for the survey and measurements of gravitational
field strength were made every 200 feet.

Gravitational field strength is influenced by the densities of
rocks; higher gravity readings are obtained over high density rocks.
The Woody Mountain basalts have an approximate density of 2.7 g /cc,
while the underlying sedimentary rocks have an average density of
approximately 2.4 g /cc. Because the density contrast is large, gravity
readings should be influenced by the thickness of the basalt cover,
and should increase as the thickness of basalt increases as is shown
schematically in Fig. 2. Because gravity readings are not affected
by remanent magnetization, the gravity data are a good indicator of
the validity of the interpretations using magnetic data.

gravitational field
/ strength

Basalt

J

Basalt

Sedimentary rocks

I

Sedimentary rocks

Fig. 2. Theoretical gravity profile over faulted basalt.
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ANALYSIS

The geophysical data were plotted as geomagnetic and gravity
profiles along each of the traverses. Inflection points on the
magnetic profiles were assumed to indicate the location of a fault.
Inflection points that correlated with similar inflection points on
the other profiles were connected. If the three points plotted as
a straight line on a map, they were interpreted to indicate the
location of a fault. Some inflection points were not interpreted as
fault locations because they could not be connected to other
inflection points by a straight line on a map (see Fig. 3).

Because the basalts in the well field area are believed to be
magnetically reversed, the direction of throw on the faults could
be inferred by assuming that the high side of the geomagnetic profile
represents the upthrown side of the fault.

Analysis of gravity data was used to test interpretations made
using the magnetic data. Gravity measurements were made at all
Woody Mountain wells. The total thickness of basalt at each well
was determined from drillers' logs. When the gravity data, expressed
as the complete Bouguer anomaly, were plotted against the thickness
of basalt for each well, the points plotted close to a straight line
indicating a strong correlation between the Bouguer anomaly and the
thickness of basalt (r2 = 0.96). The equation of the line of best
fit to these data was then used to predict the thickness of basalt
at each of the other gravity stations. The predicted thicknesses
were used to determine the locations and throw of faults previously
determined from analysis of magnetic data. The gravity data confirmed
the direction of throw on faults for all except the three southern-
most faults. The disagreement between magnetic and gravity data in-
dicated that basalts in the southernmost part of the study area may be
normally polarized. Fig. 4 shows the locations of faults interpreted
from the magnetic data and confirmed by the gravity data.

No significant correlation between thickness of basalt and the
magnetic field strength was found. In this study magnetic data were
useful for determining the location of faults and gravity data were
useful for determining the thickness of basalt. The estimates of
the thickness of basalt derived from analysis of gravity data were
used to approximate the amount of displacement on the faults.
Fig. 5 is a structural section drawn along the line of the first
traverse.

CONCLUSIONS

The thickness of volcanic flow rocks increases in the southern
part of the Woody Mountain well field study area. This increase
indicates that the underlying Mesozoic and Paleozoic sedimentary
rocks have been downfaulted and therefore a greater thickness of the
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Coconino aquifer is saturated. The permeability of the Coconino
Sandstone is directly related to the extent of fracturing. Therefore,

the highest permeabilities should occur near faults, particularly on
their downthrown sides. Geophysical data are used in this study to
determine locations and relative movements on faults. This infor-
mation can be used to project locations for future municipal well
sites to provide additional groundwater for the City of Flagstaff.
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