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RELATIONS BETWEEN WARM SPRINGS AND GEOLOGY
DELINEATED BY SIDE-LOOKING ATIRBORNE-RADAR
IMAGERY IN EASTERN WEST VIRGINIA

By Peter Lessing', W. A. Hobba, Jr., S. L. Dean®, and B. R. Kulander*

ABSTRACT

Side-looking airborne-radar images of eastern West Virginia were used to delineate geologic
structures and lineaments in the vicinity of eight warm springs that range in temperature
from 15.3° to 22.2° Celsius. All of the warm springs are within regional anticlinoria, on flanks
or noses of folds, and in or near outcrops of the Oriskany Sandstone of Middle Devonian age.
The lineaments detected from the radar images range in length from less than one mile to tens
of miles and cut through or lie near all of the springs. The lineaments trending N. 30-75° W.
correspond to systematic fractures that trend N. 40-45° W., but lineaments trending N. 60-75°
E. do not correspond to systematic fractures that trend N. 40-45° E.

Recent field mapping and the radar images, together with black-and-white and color
infrared aerial photographs, and chemical analyses of spring-water samples have provided
data for the interpretation of the geological and structural control of the area’s warm springs.
Tritium content of spring-water samples suggests that water that circulated as deep as 1,800
feet below the surface represents 60 to 98 percent of the warm- spring discharges. The depth
of circulation seems to be controlled by thrust faults on the forelimbs of folds and back thrusts
on the backlimbs of folds.

! West Virginia Geological and Economic Survey, Morgantown, West Virginia.
2 U.S. Geological Survey, Morgantown, West Virginia.

3 Department of Geology, University of Toledo, Toledo, Ohio

* Department of Geological Sciences, Wright State University, Dayton, Ohio.
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INTRODUCTION

Background

Erskine (1948) and Waring (1965) reported 22 warm springs—water temperatures above
15.5° C—along the eastern boundary of West Virginia. A later study of warm springs in nine
areas in the Appalachians from Georgia to New York (Hobba and others, 1979) indicated that
the water discharging from the warm springs was deep circulating water heated by "normal"
geothermal heat flow. They determined that where the geologic structure is relatively
uncomplicated, ground water discharging from warm springs has probably circulated to great
depths in sandstone or limestone rocks roughly parallel to the strike of the bedding, and has
moved rapidly upward where a fault or faults cross the bedding.

In 1982, side-looking airborne radar (SLAR) images were acquired for some parts of the
contiguous United States and Alaska. The SLAR images were processed and made available
in 1° by 2° sheets at a scale of 1:250,000. Two of these quadrangles, Charlottesville and
Cumberland, covered the eastern part of West Virginia, including the warm springs
areas (fig. 1).

This study was undertaken, in cooperation with the West Virginia Geologic and Economic
Survey, to determine if SLAR imagery could be used to map lineaments, geologic structure,
and possibly lithology, in the vicinity of the numerous warm springs in eastern West Virginia
(fig. D).

Purpose and Scope

The purpose of this report is to document the utility of SLAR imagery for mapping
lineaments and geologic structure in the vicinity of warﬁ springs in eastern West Virginia.
This information was used in conjunction with geologic maps and water-quality analyses to
define the geologic setting and hydrologic regime in the vicinity of the springs.

Several approaches were used to accomplish the purpose of the study. SLAR imagery was
used to map lineaments in the study area. These lineaments then were compared to previously
mapped lineaments using Landsat images. In areas where the geology was poorly defined,
geology and fractures were mapped (Kulander and Dean, 1986). These maps were used to
determine if there was a relation between fracture orientation and the location and orientation
of lineaments detected on SLAR images. Well data and proprietary seismic data were used to
construct geologic sections (Kulander and Dean, 1986). Water samples collected from the warm
springs and from some cold springs were analyzed for common chemical constituents and for
some stable isotopes. The geologic sections and water chemistry provided clues to the
subsurface geology, hydrology, and the depth of water circulation along lineaments.

Early in the study, 19 of the 22 warm springs reportedﬁy Erskine (1948) and Waring (1965)
were revisited. The temperatures of 11 of the 19 springs visited were below 13.5° C, indicating
that they were not warm. Most of these non-warm springs| are located adjacent to streams that
are in valleys underlain by limestone. The temperature measurements reported by Erskine
(1948) were made in late summer and early fall when stréam temperatures are highest. Thus,
these 11 springs are in places where shallow circulatingﬁkvater emerges after having entered
the rock as surface water at some upstream point (probably through cavernous limestone). The
temperature and quality of the water from these springs closely reflects the temperature and
quality of the surface streams supplying water to them.

Three of the 22 springs were not visited because either the available data indicated that
they were not warm or the spring could not be located. One of these springs in Hampshire
County was not visited because it is located high on a hillside and the temperature of the
water was measured in July 1945 about 1,000 feet downstream from the spring; thus, the
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water was probably warmed by solar heat as it moved over the ground. Two springs in
Jefferson County could not be located—North Branch of Walker Spring (Erskine, 1948, p. 38),
and Shannondale Blue Sulphur Spring (Price and others, 1936, p. 71-72). It was assumed that
the temperature reported by Erskine for Walker Spring was measured in a stream fed by the
spring. Thus, solar heating probably had occurred. Shannondale Blue Sulphur Spring is on an
abandoned farm and could not be located. However, the reported small discharge (1 gallon per
minute (gal/min)) suggests that it is not warm, but the high mineral content (2,570 milligrams
per liter) (Price and others, 1936, p. 71-72) suggests that it is discharging slow moving deep-
circulating water.

After ascertaining that 8 of the reported 22 warm springs actually were warm springs, then
mapping and sampling efforts were concentrated in the areas of these springs.

Description of the Study Area

This investigation covers parts of the Cumberland and Charlottesville (1:250,000 scale) 1°
latitude by 2° longitude quadrangles in eastern West Virginia (fig. 1). Most of the study area
is in the Valley and Ridge physiographic province, however, the western part of the area is in
the Appalachian Plateau physiographic province (fig. 2). The rocks in the area range in age
from Cambrian to Mississippian. The older Cambrian rocks are concentrated to the east in the
Great Valley part of the Valley and Ridge physiographic province. The younger Mississippian
rocks are concentrated west of the Allegheny Front in the Appalachian Plateau physiographic
province.

The Valley and Ridge physiographic province lies east of the Allegheny Front and consists
of northeast-trending mountains and valleys that reflect erosion of anticlines and synclines.
In addition, there are numerous minor folds and thrust, splay, and back-thrust faults.

The Valley and Ridge part of the study area lies entirely in the Potomac River basin, where
the land-surface altitude ranges from about 250 to 4,500 feet above sea level. Trellis drainage
patterns predominate, and average annual precipitation ranges from 32 to 60 inches (Hobba
and others, 1972, p. 10).

The Appalachian Plateau, which lies west of the Allegheny Front, generally is underlain by
gently folded Mississippian and Pennsylvanian age shale, sandstone, limestone, and coal
formations. Typically, folds have long wave lengths (10-20 miles) and show little structural
complexity near the surface. However, in the study area, the rocks within the Browns
Mountain Anticlinorium (fig. 2) are highly folded and faulted at the surface. The exposed rocks
in the anticlinorium range in age from Upper Ordovician to Upper Devonian, whereas, further
west, younger rocks of Lower Mississippian to Upper Pennsylvanian age are exposed.

In the Appalachian Plateau part of the study area, the land-surface altitude ranges from
790 to 4,860 feet above sea level, and lies in the Monongahela, New, and Potomac river basins.
Dendritic and trellis drainage patterns occur, and average annual precipitation ranges from
45 to 60 inches (Friel and others, 1967, p. 12; Clark and others, 1976).

Previous Investigations

Numerous geological reports are available for eastern West Virginia; such as reports by
Tilton and others (1927), and theses by Dyckes (1964), Martin (1964), Minke (1964), Kulander
(1968), Nock (1968), and Geiser (1970). A report by Kulander and Dean (1972) deals mainly
with geophysical and geological interpretations of the Minnehaha Springs area (see also
Kulander and Dean, 1978; and Kulander and others, 1984). County reports by Grimsley (1916)
and Price (1929) are primarily geological reports, but they also contain historical information
and chemical analyses on some of the area’s warm springs.

The geologic map of West Virginia by Cardwell and others (1968) and geologic reports for
parts of Virginia by Butts and Edmondson (1966), and Young and Rader (1974) were helpful
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in delineating the geology adjacent to the area of the warm springs. A Landsat linear features
map of West Virginia (Reynolds, 1979) was compared with the linear features mapped from
SLAR images.

Several hydrologic reports pertain to springs in eastern West Virginia: Price and others
(1936) and Erskine (1948) contain flow and temperature data for some of the warm springs;
Rogers (1843, p. 331 and 340) noted that springs "...issue from the lines of anticlinal axes, or
from points very near such lines,” and "...issue from the steep-dipping on [sic] inverted strata
on the northwest side of the anticlinals...". Later reports by Hobba and others (1972) and
Hobba (1984), and Clark and others (1976), describe the water resources of the Potomac River
and New River basins, respectively. These reports contain flow and water-quality data for
some of the warm springs.

The only recent investigation dealing with warm springs in the study area was by Hobba
and others (1979). This was an investigation of 10 of the largest and warmest thermal springs
in the Appalachians from Georgia to New York. The study included two springs in West
Virginia (Minnehaha Springs and Berkeley Springs), and used modern geochemical techniques
and remote sensing to identify common regional characteristics of the geothermal systems. The
SLAR images then available, were useful in delineating lineaments and some previously
mapped faults in the vicinity of thermal springs in Georgia, Virginia, and in the Minnehaha
Springs area of West Virginia.

Moore and Sheehan (1981) reported the results of other investigators in an evaluation of
SLAR images for geologic and cartographic applications. They concluded that the images were
more useful as a supplementary rather than a primary tool in hydrologic investigations in
Alaska, Montana, and Utah. Pascucci and others (1981) evaluated the applicability of SLAR
images for mapping structural geologic features (probable faults, lineaments, and axes of
synclines and anticlines) in Alaska. They found that radar images contributed additional linear
features not detectable on Landsat images or aerial photographs, but they also noted that
some linear features, previously mapped on Landsat images and aerial photographs, were
obscure on radar images.
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DESCRIPTION OF SIDE-LOOKING AIRBORNE RADAR

Side-looking airborne radar imagery is acquired from an airplane or satellite by
transmitting microwave energy at an acute angle measured from the horizontal toward the
earth’s surface. Some of the energy reaching the earth is reflected back to an antenna on the
side of the vehicle. The intensity of the reflection is determined by the roughness of vegetation
or the terrain, the angle of the terrain with respect to the radar antenna, and the dielectric
constant of the target. The reflections received by the antenna are recorded photographically
or digitally.

As shown in figure 3, SLAR imagery generally is recorded simultaneously from reflections
between two angles. A "near view" (steep depression angle, about 21° to 31.4° below horizontal)
is generally better for investigating areas of high relief, whereas a "far view" (shallow
depression angle, 10.9° to about 21 below horizontal) is generally better for investigating areas
of low relief.

According to Moore and Sheehan (1981, p. 4), there are two types of SLAR systems: (1) real-
aperture radar systems that record images directly on film aboard the vehicle, and (2)
synthetic-aperture radar systems that record the radar equivalent of a hologram in which the
final film image is produced by later optical or digital processing.

The resolution of real-aperture radar systems decreases with distance from the vehicle
because the radar-beam width increases with distance. Synthetic-aperture radar systems
achieve a nominal resolution of 10 to 66 feet regardless of distance from the vehicle, and show
more surface detail on enlarged images.

The SLAR images used for this study are mosaics of near-view synthetic-aperture radar
strips at a scale of 1:250,000 to match the Cumberland and Charlottesville quadrangle maps
(fig. 1). The original SLAR film strips at a scale of 1:400,000 were also examined, but not
extensively used. The imagery was acquired in September 1982 from an altitude of 7.5 miles
with a west look. The depression angle was approximately 20° and yielded a ground- swath
width of 23 miles with a resolution of 33 feet. The radar system used was "X-band," having a
wavelength of 1.22 inches, a frequency of 9.6 Gigahertz, and H-H (horizontal-horizontal)
polarization. Additional information on radar systems is given in Moore and Sheehan (1981).

Detection of Lineaments by Side-Looking Airborne-Radar and Landsat Imagery

Lineaments are well defined on the SLAR images used in this study. The resolution of 33
feet for the SLAR images exceeds that of the Landsat multispectral-scanner images. Most of
the mapped lineaments are valleys that range in size from gullies 1 mile long to linear
depressions several tens of miles in length. Figures 4, 5, and 6 are SLAR-image enlargements
that show the warm-spring areas and the mapped lineaments.

Lineaments detected by SLAR imagery predominantly trend northeast and northwest (fig.
7). Northwest trending lineaments cut at about 90 degrees to the strike of the regional
structure, whereas the northeast trending lineaments cut 30 to 40 degrees to the regional
strike. Lineaments appear less pronounced in the gently dipping rocks of the Appalachian
Plateau. However, warm springs are not known in most of the Plateau and thus a detailed
analysis was not made of SLAR images in this area.

A comparison of lineaments (Reynolds, 1979) detected by Landsat images and lineaments
detected by SLAR images was made. The lineaments detected on Landsat images exhibit the
same northwest and northeast trends found on SLAR images. Although some linear features
match, the overall lineament correlation is poor because there are about five times more
lineaments detected on SLAR images than on Landsat images. A brief analysis of the SLAR
and Landsat images indicate that SLAR images clearly show more lineaments and have higher
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