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EXECUTIVE SUMMARY

Salinization of soil, surface water, and ground water is a chronic environmental and
agricultural problem in many parts of Texas. In this study of a9l km? area near Ballinger in
Runnels County, Texas, we integrated results from high-resolution airborne and ground-based
geophysical surveys, water and soil sampling, and chemical analyses to locate near-surface
C(vncentrations of saline water and determine their origin. Possible salinity sources are upward
movement of brine along natural conduits (faults, fractures, joints, and permeable stratigraphic
uﬂlits), downward migration from surface brine pits, leaking oil and gas wells, and evaporative
concentration of shallow ground water as a result of agricultural practices. A prime goal of the
sthdy was to determine the effectiveness of the method in locating leaking wells and
distinguishing them from other salinity sources. This project represents a coordinated and
cooperative effort between the Railroad Commission of Texas (RRC), the Bureau of Economic
Geology (BEG) and its aifborne geophysical subcontractor Dighem I-Power, the Lower
Cplorado River Aufhority (LCRA), and the Colorado River Municipal Water District
(CRMWD).

The geophysical‘instruments, both airborne and ground-based, meésured (a) electrical
conductivity increases in the grouﬁd that can be caused by high ionic concentrations in saline
water, high moisture content, and high clay content, and (b) local perturbations in the earth’s
mlagnetic field caused by well casings and other large, ferrous objects. An airborne
electromagnetic and magnetometer survey of the Hatchel study area, which encompasses more
than 700 oil and gas wells that have been drilled since the 1920s, was flown at 100 m line
spacing and 3 m sample spacing by Dighem in January 1996. Flight heights were 30 m for the
electromagnetic sensors and 40 m for the magnetometer. During the helicopter flights, ground-
truth surface water and ground water samples were collected and later analyzed by LCRA and |
CRMWD. Airborne results ‘included maps of ground conductivity at three exploration depths,

magnetic field maps, and selected conductivity cross sections. The maps, oil and gas well
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locations, and soil and geology maps were imported into a geographic information system. The

d:.ta were analyied to select sites with ah airborne geophysical signature consistent with that of a
potential oilfield salinity source: a conductivity anomaly associated with either a known well
location,;a magnetic anomaly, or both. Airborne maps alst guided ground-based geophysical

surveys and soil and water sampling.

Combinirig airborne geophysical signatures with known well locations produced a list of

—_

D3 sites that are consistent with oilfield,—relatedk salinity sdurces. At 71 of these sites, an airborne
conductivity anomaly coincides with both a magnetic anomaly and a known well location (type
CMW sites). This signature implies infiltration of saline water near a known‘and detected well.
At 14 sites, a conductivity anomaly coincides with a known well location but not a magnetic

a

—

1emaly (type CW sites). These sites are where saline water has infiltrated the ground near a
known well that either has no casing or was not detected by the airborne magnetometer. At 15
sifes, a conductivity anomaly coincides with a magnetic anomaly but not a known well location
(type CM sites). CM sites are those where saline water has infiltrated the ground near a ferrous
object such as a tank battery or a misiocated’or unknown well. At the remaining three sites, a
conductivity anomaly has no associatedIWell or magnetic anomaly (type C sites). This signature
might be interpreted as a site where saline Water entered the ground as a result of a spill or
storage container leak or from an unknown and undetected or uncased well.

From the list of 103 sites, we chose 23 representative sites fof on-the-ground geophysical
investigations. These investigations inciuded magnetometer surveys by RRC to pinpoint well
locations, ground conductivity profiles across each site to establish the relationship between the
0()pductivity anomaly and the well, multiple-frequency electromagnetic surveys to establish the
lateral and vertical extent of highly conductive ground, and time-domain electromagnetic
(TDEM) soundings to determine the thickness and depth of the salt water plume. TDEM
soundmgs also helped us to understand patterns visible on the deepest sensing airborne
conduct1v1ty map and to delineate a natural brine-bearing strat1graphlc unit beneath the western

part of the study area.




The ground-based geophysical surveys revealed that'r‘nost of the conductivity anomalies

o

letected by the airborne survey are not caused by leaking wells. Of the 23 representative sites

(12CMW, 4 CM, 5CW, an.d 2 MW) investigated using ground-based methods, ij are

p— o

nterpreted to be leaking wells and another two are possibly leaking. We used the results of the

irborne and ground-based surveys to refine a geophysical “profile” of a site that might contain a

o5}

leaking well: a site that (a) has a magnetic anomaly, or a known well location, or bbth and (b) -
has anomalously high ground conductivity on both the shallow-sensing 56,000 Hz airborne coils

and the deeper sensing 7,200 Hz coils. Such a site might also have high conductivity measured

o

y the deeply sensing 900 Hz coils. Conductivity anomalies that appear on the 56,000 Hz maps
alone commonly are caused by features other than leaking wells. Because some knoWn wells

were not detected by the airborne magnetometer and because not all well locations are accurate,

(@]

onductivity anomalies that have no associated magnetic vanomaliés should be examined in the
field to ensure that there is no evidence of a neafby rnisiocated or undocuménted well.

~ In the Hétchel study area, 46 of the 103 sites fit the refined airborne profile of a potentially
lgaking well. Ground-based geophysical surveys at 11 of the 46 profile-matching sites showed

hat most of these sites do have oilfield-related saltwater infiltration, but are not all leaking wells.

o=

syl

or the 11 profile—matéhing 'sites' investigated, grouhd—baséd survey results suggest that five are
leéking wells, three are.pits or surface spills, and three are sites where a likely soufc¢ was not -
identified. The five profile-matching wells that are interpreted tb be leaking are either CMW
(four) or CW (one) sites. The two surveyed sites that had conductivity and magnetic anomalies
but no known well location (a potentially leaking unknown well) pfoved to be.tank or pit sites
with no associated leaking well. | »

Ground-based geophysical surveys complement fhe‘ airborne data and form a ’criticavl"
.c‘)mponent in the understanding of ground con‘ductivity changes in general and in thé search for
s;liinity sources in particulaf. Without the grduhd—based geophysical surveys, the specific causes

of anomalies detected with airborne methods would be difficult to determine réliably. Without

-+
—_

1e airborne data, ground-based surveys can help determine whether known wells are likely to be

xi




caking and may find wide usage as a rapid and relatively' inexpensive means of testing whether a

fu—y

<

vell is leaking saline water into the shallow subsurface. However, unknown wells and wells not

»n

uspected to be leaking would likely be missed and conductivity profiles and soil and water

amples would lack a regional ground conductivity context.

w

In relatively small areas (less than a few tens of square kilorheters) where well locations are

‘:bliably known, ground-based surveys of prioritized wells constitute an effective techniqlie for

=

[oR

etermining wells that should be plugged. At this scale, ground-based surveys represent a cost-

(@)

ffective alternative to the high mobilization and minimum survey costs for helicopter-based

o

irborne surveys. Airborne surveys are most effective in typical oilfield-size areas of tens to

=

undreds of square kilometers where well locations‘ are uncertain, multiple saline water sources
are expected, and the extent of brine infiltration is poorly knbwh. In these areas, airborne survey
regsults both guide and imp:rove the efficiency of labor-intensive ground investigations that are
re¢quired to diséern whether the s'alinity source is a leakihg ,Well, a brine pit, or leaking tank

battery. Airborne surveys are generally not appropriate beyond the oilfield size because of the

joN)

dditional expense of acquiring tightly spaced flight data over areas.that are not likely to have

oilfield-related salinization.
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INTRODUCTION

Infiltration of saline water into the shallow subsurface through natural geological conduits

and oil-field sources can impact wildlife habitat, restrict or eliminate agricultural uses of land,
and pollute aquifers and surface water bodies (Dutton and others, 1989; Richter and others,
1990). Agricultural landscaping practices can exacerbate the problem by locally raising water
tables and increasing dissolved mineral concentration by evaporation. Public concern about the
environmental effects of saline water has led td increasing interest in methods of determining
whether oil-field brines have been introduced ihto the subsurface, where they have migrated, and
whether they are the cause of specific problems on the land surface, in water wells, and in

surface water bodies.

The purpose of this study was to evaluate the use of airborne and ground-based geophysical
ethods to (1) locate near-surface concentrations of saline water, and (2) discern the source of
e saline water. A reconnaissance airborné electromagnetic and magnetometer survey of a 91
study area near Ballinger in Runnels Cbunty, Texas (fig. 1) was completed to locate areas

at had a geophysical signature consistent with that of a well leaking brine. The electromagnetic

survey was designed to locate conductive ground associated with the presence of saline water.
The magnetometer survey was designed to locate magnetic anomalies caused by well casmgs
Alirborne geophysmal signatures that might mdlcate a leaking well included conductivity

anomalies at one or more of the electromagnetic exploration depths and either an associated

agnetic anomaly or a known well location.

On-the-ground investigations focused on representative sites identified from the airborne

survey. These investigations included detailed geophysical surveys of sites and collection and
chemical analysis of soil and water samples. Because ground conductivity is not simply a

function of pore fluid chemistry but is also affected by soil type, rock type, and moisture content,
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Figure 1. Map of the Hatchel, Texas, quadrangle. The airborne geophysical survey area is within
the shaded rectangle. Shaded areas are oil and gas fields adapted from Abilene Geological Society
(1992).



these factors were considered for each site as well. Once the data for a given site were analyzed,

we interpreted the most likely cause of the ground conductivity anomaly at that site.

Geology and Soils

| Rock and soil types can influence gfound COnductiVity, but the effect of the host material on
ground conductivity is generally smaller than that caused by ionic concentration in pore fluids.
Soil and rock units that are high in clay content are generally more conductive than sandy units
(McNeill, 1980a; Rhoades, 1981). Geologic units (Kier and others, 1976) within the exploration
depth range of the geophysical equipment used in this study include (a) Quaternary alluvium
(Qal, fig. 2 and table 1) that is generally sandy, has relatively high water content, and is found in |
toqpographic lows along streams, (b) thin Pleistocene surficial terrace deposits (Qu) that are
composed of clay to gravel, are relatively dry, and are mapped at higher elevations along the
central part of the study area, and (c) outcrop areas of Perrhian Clear Fork Group strata (Pcf) and
the Lueders Formation (P1) containing units of sandstone, limestone, shale, and marl. Permian
stratigraphic units dip west-northwestward into the Permian basin.

The Coleman Junction Formation, a limestone ‘and shale formation of the Permian Wichita-
Albany Group (Kier and others, 1976), does not crop out in the study area. It is an artesian brine-
- bearing unit at depths of 200 to 300 m that is often cited as a principal source of near-surface
brine in the study area (Richter and others, 1990).

Soils formed on these geologic units (fig. 3) can affect measured ground conductivities for
the higher frequency, shallewer penetrating conductivity instruments. Soils have been mapped in
- greater detail than have the geologic units for the study area (Wiedenfeld and others, 1970). On
the lowlands, deep, loamy, relatively wet soils of the Spur-Colorado-Miles association are
formed on Quaternary alluvium (figs. 2 and 3). These soils generally contain less clay than the
rgsidual upland soils, but may have higher ground conductivities because they are thicker, wetter,
and in many places contain relativelyvconducti‘ve pore water. Soils on the uplands are generally

the shallow, clayey to loamy, and relatively dry residual soils of the Portales-Potter-Mereta
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igure 2. Generalized geologic map of the Hatchel quadrangle (adapted from Kier and others,
)76).
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Table 1. Generalized stratigraphic chart for the Colorado River watershed. Modified from Brown
and others (1972), American Association of Petroleum Geologists (1973), Eifler (1975), Lee (1986),
and Richter and others (1990).
SYSTEM SERIES GROUP -FORMATION LITHOLOGY
QUATERNARY HOLOCENE alluvium
PLEISTOCENE Leona caliche and gravel
PLIOCENE
TERTIARY , ) Ogallala gravel, sand, and caliche
MIOCENE
Washita . Buda argillaceous limestone
. : . Edwards limestone and dolomite
CRETACEOUS | COMANCHEAN | Fredericksburg Comanche Peak ~ limestone
Walnut limestone and clay
- Trinity Antlers sandstone and shale
TRIASSIC UPPER Dockum- sandstone and shale
OCHOAN Quartermaster sandstone and
Whitehorse gypsiferous shale
San Andres (Blaine) sandstone
GUADALUPIAN -
Pease River ‘ sandstone, gypsum, and
San Angelo dolomite :
_ Choza sandstone and dolomitic
LEONARDIAN | Glear Fork Vale limestone
PERMIAN Arroyo shale and marly limestone
Lueders limestone and dolomite
Talpa
Grape Creek
Wichita-Albany Bead Mountain
Jagger Bend-Valera limestone and shale
Elm Creek
‘ Admiral
WOLFCAMPIAN Coleman Junction
VIRGILIAN Cisco
MISSOURIAN Canyon limestone and shale
PENNSYLVANIAN | DESMOINESIAN Strawn
ATOKAN Bend sandstone, shale; and
MORROWAN limestone
DRDOVICIAN CANADIAN Ellenburger dolomite
RRECAMBRIAN granite and gneiss
QA 11656¢
5
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Figure 3. Soils map of the Hatchel quadrangle (adapted from Wiedenfeld and others, 1970).
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agsociation that form on the Pleistocene terrace deposits and Permian Clear Fork Group strata
(figs. 2 and 3). Despite their relatively high clay content, these soils have low measured

conductivities due to their thinness and low moisture content.

Hydrogeologic Setting

The study area is located at the eastern side of the Southern Great Plains physiographic
province, which slopes gently southeastward from eastern New Mexico to Central Texas, and at
the southern end of the Rolling Plains. The informally named Southern Great Plains regional
ground-water flow system includes diverse hydrostratigraphic units in Ordovician to Neogene
rocks (Jorgensen and others, 1988). Physiographic features of the study area include gently
rolling, dissected uplands and valleys formed by the southward-draining Elm and Coyote Creeks
and their tributaries.

The Upper Permian rocks that contain fresh ground water at shallow depths beneath the
study area contain brine and hydrocarbons only tens of kilometers to the west in the subsurface
(McNeal, 1965; Core Laboratories, 1972). Oil and gas fields in the region occur at depths as
shallow as 300 m in Permian formations to greater than 1,800 m in Pennsylvanian and
Ordovician rocks (table 1). Brine is prevalent throughout the Paleozoic section except within 60
ta 1,300 m of ground surface where it is displaced by locally recharged meteoric water. For
example, salinity of subsurface water in the Guadalupian Series, which overlies the Clear Fork
Grroup (table 1), varies from 50,000 mg/L just west of the outcrop to more than 200,000 mg/L
westward in the Permian Basin (fjg. 4).

Regional and local topographic relief have large effects on ground-water flow paths (T6th,

[u—y

D62). Potentiometric surfaces in the Southern Great Plains regional flow system (Jorgensen and
others, 1988) are inclined toward the east, indicating the potential for eastward flow of
subsurface brine in Paleozoic rocks toward formation outcrops in the study area (fig. 5).
Eastward fluid flow probably influenced migration of hydrocarbons into reservoirs across the

Eastern Shelf of the Permian Basin. Richter and Kreitler (1986) showed that brine at shallow
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Figure 4. Total dissolved solids in brine from Guadalupian Series oil fields. Modified from McNeal
(1965).
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(about 30 m) depths in the southern part of the Rolling Plains northwest of the study area is

~ derived from deep parts of the regional flow syStem. Bein and Dutton (1993) mapped connate
and meteoric water throughout the stratigraphic section across the Southern Great Plains and
showed the eastward movement of saline waters into the Rolling Plains. Comparison of
potentiometric surfaces of hydroStratigraphic units in Paleozoic rocks mapped by McNeal (1965)
indicates that there is potential for upward movement of subsurface brine across confining layers
if péthways such as fractures and unplugged boreholes exist. Potentiometric surfaces of
subsurface brines beneath the valleys in the study area most likely are generally are close to, and
in/some Wolfcampian formations (for example, Coleman Junction) higher than ground surface.

- Potentiometric surfaces of shallow ground water in different aquifer units most likely are
inclined toward Elm and Coyote Creeks and their tributaries, reflecting topographic influence on
recjharge and discharge locations in the local grbund-water flow system (T6th, 1962). The upland
areas probably are local recharge zones and ground-water discharge from local and regional flow

systems most likely is focused in the valleys of Elm and Coyote Creeks.

Sources of Salinity

Salinization of soil and ground-water resources is a common problem in the central and
squthwestern Urﬁted Sta;tas (Dutton and others, 1989; Richter and others, 1990). Major potential_
cquses of soil and water salinization in the study area include (1) natural discharge of subsurface
brines through permeable units, fractures, or joints; (2) infiltration of produced brine'beneafh
syrface pifs; (3) upward movement of brine across confining beds through oil and gas wells and
deép, unplugged water wells; and (4) evaporative concentration of ground water from shallow
warter tables,thz‘lt have risen in response to agricultural landscaping and éonsequent increased

gl 6und-water recharge (fig. 6).

| Oil and gas wells provide potential paths for brine to move to the near-surface environment.

If brine is associated with the produced oil or gas, brine moves to the surface along with the

hydrocarbons. Before 1969, when the no-pit order went into effect in Texas, produced brine was

10
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Figure 6. Conceptual model of salinity sources in the Hatchel area. Potential sources are:
(1) natural discharge of brine through permeable stratigraphic units, fractures and joints,
(2) infiltration of saline water beneath brine disposal pits, (3) upward flow of brine through

inadequately plugged and leaky boreholes, and (4) evaporative concentration of shallow ground
water (adapted from Richter and others, 1991).
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often pumped into surface pits and left to evaporate or infiltrate the ground near the pit. Brine
within non-producing geologic units such as the Coleman Junction Formation can also reach the
near-surface environment through deep water wells and improperly plugged oil and gas wells
that reach deeper targets. |
| Although increased salinity from any of vthe natur‘abl, oil-field reléted, and agriculture—related
Sq urces could cause similar increases in ground conductivity, each source may have a unique
geophysical or chemical signature that would allow the sources to be distinguished. For example,
ground conductivity that decreases with depth may indicate a surface salinity source such as a‘
brine pit or evaporative concentration. Conductivities that increase downward may indicate deep
sglinity sources such as a leaking well or natural flow path. Areal conductivity patterns and
magnetic data from airborne surveys may help further distinguish leaking wells (point sources
wfth magnetic anomalies) from natural conduits (curvilinear features without magnetic

anomalies).

Oil and Gas Activity

There are‘ 18 named oil and gas fields that cover a substantial part of the Hatchel quadrangle
(fig. 7). RRC records indicate that there are at least 963 wells in the quadrangle (718 in the study
area) and that most of the drilling and production occurred before the no-pit order. The following
summary was prepared from several sourées, including Abilene Geological Society (1992),
Fitzgerald (1952), and Gardner and Phifer (1953).

. The McMillan Field, located in the northeast part of the Hatchel quadrangle (fig. 7), was

d sicovered in August 1927 and was the first major oil discovery in the Hatchel area. Early

p ‘é)duction was from the Pennsylvanian Cisco Group. A less productive pay in the Canyon
Grjoup was discovered in 1942. The field was abandoned in the early 1940s.

: Beddo Field (fig. 7), discovered in May 1928, was originally a gas field. A decade after the

discovery of the field, oil was found in the Canyon and was produced from the Cisco in

)
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Figure 7. Oil and gas well locations in the Hatchel quadrangle. Well locations from Railroad
Commission of Texas. Field locations shown on fig. 1.
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subsequent years. Wells were also drilled in the late 1940s and produced from the Pennsylvanian
Canyon and Strawn Groups. Eight small fields comprise the Beddo Field as it is known today.
The first well in Ballinger Field, located in the western part of the study area (fig. 7), was
drilled in 1947 and completed in the Canyon Group. The Cisco and Canyon Groups were both
produced in thé Ballinger Field in the early 1950s. Production from the Strawn Group> began in
the mid-1950s. Current production in the Ballinger Field is from Canyon limestones and Strawn
sandstones and conglomerates.

Elm Creek Field, located northeast of Hatchel (fig. 7), was discovered in 1950 and produced
oil from Strawn Group sandstones. Additional producing intervals in Canyon limestones and
Cisco sandstones and conglomerates were discovered in the 1950s and 1960s. Some wells in this
field continue to produce oil from the Strawn and Canyon Groups.

The Patsy Field (fig. 7) was discovered in 1951. Oil production was from two zones within
the Cisco Group, neither of which is currently producing. The Hays and Watts Field, discovered
in{ 1951 in the southern part of the Hatchel quadrangle, was surrouﬁded by failed exploration
attempts. There the Cisco Group produced oil from a total of five wells, none of which are active
today. |

Oil was first produced from the Spill Field (fig. 7) in 1952. Production from a Canyon
Group limestone was small, but it encouraged further drilling in the northeast part of the
quadrangle. In 1958, a more productive limestone was discovered in the Canyon and two
productive zones were soon discovered within the Strawn Group. Only the Strawn produces
today.

Hall Field, located south of the larger Beddo Field (fig. 7), was discovered in 1953. It
produced modest volumes of oil and some gas from Strawn Group clastic deposits. Of the six
krlown wells drilled in this field, none are active today. The D. Richardson or Ballinger
Northwest Field, discovered in 1957, covers the northwestern part of the Hatchel quadrangle and
extends farther northward. There has been oil and gas production from Canyon and Strawn

limestones and the field is presently active.

14




* In late 1957, the Byers Field was discovered along the western boundary of the study area. |
Lzlfge volumes of gas and lesser amounts of oil were produéed from the Strawn Group. In early
1958, additional oil was produced from the Canyon Group. The Strawn continues to produce,
wh;ereas the Canyon wells have ceased production.

Andergram Field, a large and productive oil and gas field located in the north central part of
thaf Hatchel quadrangle (fig. 7), began production from three Strawn horizons and one Canyon
hgrizon in 1958. In 1962, drillers discovered additional oil in the Cisco Group. The most recent
Anﬁergram discovery was in the Strawn in 1984. This zone still produces today, as does the
Canyon. The Andergram Field was extended southward in 1959 (Andergram South) with [further
disjcoveries in the Cisco and Canyon Groups. The Canyon Zone in Andergram South still
projduces oil and gas.

[ D & G Field, a small field located south of the Ballinger Field, was discovered in 1963. One
w:il produced from the Canyon Group and was abandoned after producing 13,000 barrels of oil.

- The first discovery in the Hatchel area during the 1980s oil boom was the QV Field in the
so@theast corner of the quadrangle (fig. 7). Five wells produced from the Strawn Group; these
wsils remain active today. In 1982, the QV field was extended with further produétion-from the
Striawn Group. The three wells producing from this zone also remain active. |

~ Bear Cat Field is a small field that was discovered in 1981 near the southern boundary of

| the Hatchel quadfangle (fig. 7). It currently produces oil and gas from the Strawn Group. The
‘No"rth Big Ed Field, discovered in 1982, is more productive than the adjacent Bear Cat Field. Its
se\}enteen wells still produce today.. ‘

The Quick oil and gas field, discovered in 1984, lies just north of the Beddo Field on the

eas;tern edge of the study area (fig. 7). Its two active wells produce from a Strawn Group

li

ey

1ﬁestone. The GHG Field, located just south of the Beddo Field, was discovered in 1985 and

cu_frently produces from a Canyon Group limestone.
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METHODS

P Geophysical Methods

{ Electromagnetic induction methods (Parasms 1973; Frischknecht and others, 1991; West
aqld Macnae, 1991) were used to measure apparent ground conductivity using airborne and

~ ground-based instruments. Electromagnetic induction methods employ a changing primary
mégnetic field created around a transmitter coil to induce a curfent to flow in the ground, which
in jturn creates a secondary magnetic field that is seﬁsed by the receiver coil. In general, the
strength of the secondary field is proportional to the conductivity of the ground. An inherent

as éumpti’on is that the near-surface environment consists of horizontal layers of infinite lateral
extent; this is not strictly true in the Hatchel area, but the near-surface layers probably do have |

sufficient lateral extent to render this assumption valid at the scale of investigation.

Aiiborne Survey

5 Dighem surveyed the Hatchel study area with helicopter-based geophysical instruments

b :Etween January 14 and 17, 1996 (Garrie, 1996). Principal instruments mounted in the Lama 315
helicopter were the multicoil, multifrequency DIGHEM Y electromagnetic induction system that
i lf.lsed to measure ground conductivity and a Scintrex Cesium vapor magnetometer for
méasuring magnetic field strength. The electromagnetic coils and the magnetometer were tbwed
beneath the helicopter (fig. 8) at nominal heights of 30-m for the coils and 40 m for the

n agnetometer The hehcopter maintained a height of 60 m and flew at an average speed of 108
km/hr (Garrie, 1996). Supporting instruments included a differential GPS navigation system with
Iq Qational accuracy to 5 m, a radar altimeter, and a video camera that recorded the ground along
th%: flight lines.

: Flight lines were oriented east-west, were spaced at 100 m intervals, and chered a total

length 940 km within the 91 km? study area (fig. 1). Samples from the electromagnetic coils and
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Figure 8. Lama 315 helicopter lifting Dighem magnetometer (upper bird) and electromagnetic
induction coils (lower bird) in preparation for airborne geophysical survey.
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the magnetometer were acquired at 0.1 s intervals, which corresponds to a sample spacing of

about 3 m along each flight line. Lateral resolution was thus better by a factor of 33 in the east-

5§t direction than in the north-south direction.

‘ Raw electromagnetic and magnetometer data were recorded digitally and processed by

ghem I-Power in the months following the airborne survey (Garrie, 1996). Preliminary

cq riductivi‘ty maps were supplied to BEG to enable us to select priority field sites and begin field
investigations. Final products delivered by Dighem included maps of ground conductivity at
three coil frequencies, maps of total and enhanced magnetic field strength, cross sections

sh ining lateral and vertical conductivity changes along two east-west flight lines, a flight line
track map and videotapes, and digital map images that were imported into a geographic

information system database.

rbund-Based Surveys

* Priority sites selected on the basis of their airborne geophysical signature were investigated

by EBEG staff using ground-based electromagnetic induction instruments. Frequency-domain

ectromagnetic techniques were used in a reconnaissance mode to screen sites for evidence of

ne¢ar-surface saline water and in multifrequency mode to more quantitatively delineate lateral and

vertical extents of saline water plumes. Time-domain electromagnetic soundings were used to

easure the thickness of the plumes and understand changes in ground conductivity deeper than

def)ths reached by the airborne and ground-based, frequency-domain methods. RRC staff used a

brtable magnetometer to locate buried well casings and guide conductivity survey placement at
e priority sites (fig. 9).
l

1

econnaissance Conductivity Profiling
I

Reconnaissance ground-conductivity surveys were completed at 23 sites in the Hatchel area

1ocate highly conductive ground that may be sites of brine leakage into the shallow subsurface.

18




Figure 9. Texas Railroad Commission employee using a portable magnetometer to look for an
abandoned well.
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Ih tjhese surveys, a Geonics EM34-3 ground conductivity meter (fig. 10) was used to measure
appﬁrent conductivity (McNeill, 1980b). The EM34-3 supports a 10-, 20-, or 40-m transmitter
anci receiver coil separations (fig. 11) and two principal coil orientations (horizontal dipole and
vc'rftical dipole). A 20-m coil separation was used for reconnaissance surveys. This configuration
has;; an exploration depth of 12 m for the horizontal dipole orientation and 25 m for the vertical
dipble orientation. The conductivity values represent “bulk” conductivities, or an average
co’n;ductivity of the sensed soil volume beneath the transmitter and receiver coils.

Conductivity measurements were taken as follows: (1) the transmitter coil was placed on
th : ground in the horizontal dipole orientation in an area of background conductivity levels at a
chofsen site; (2) the receiver coil was placed on the ground 20 m from the transmitter coil; (3)
apﬁ'arent éond/uctivity was logged on a digital data logger; (4) both coils were realigned in the

vertical dipole orientation at the same locations and coil separation; (5) apparent conductivity for
| .

the' vertical dipole orientation was digitally logged; and (6) the transmitter and receiver coils

|
|

w:jre each moved forward 10 m. The entire process was repeated until the highly conductive area

i
I

was crossed and background conductivity values were once again attained.
| .

Mdltiple Frequency Profiling
i

Multiple frequency profiling, one of two ground-based techniques used to determine
cq ﬁductivity variations with depth during our field investigation, was compléted at two sites
usifng the Geonics EM34-3. Simple conductivity cross sections were constructed along the
Sy fveyed lines at each site by analyzing apparent conductivity data collected at multiple coil

frequencies and configurations.

. The effective penetration depth of the field generated by the EM34-3 increases with coil

;

sgparation (and decreases with frequency) for a given coil orientation (fig. 11). Consequently,
|

conductivities measured at different coil separations and orientations can be used to infer

conductivity changes with depth beneath a site (McNeill, 1980b,c) if lateral conductivity

variations are small.

20




Figure 10. BEG staff using Geonics EM34-3 ground conductivity meter to perform reconnaissance
electromagnetic survey across abandoned Gardner #1 well at site 33. Transmitter coil is pictured.
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Figure 11. Effective penetration depth of various coil separations and coil orientations of the Geonics
EM34-3.
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o

f At each of the two sites, apparent conductivities (in mS/m) were collected first at 10-m

coil separation; these stations were used to determine the 10-m intervals between stations for the
| .

nger coil separations. After a line was completed using the 10-m coil separation, the 20-m coil

| seplaratlon was selected the instrument was recalibrated, and horlzontal and vertical dipole data

ar

were collected along the same line at the same 10-m station spacing. Finally, the 40-m separation
wa’s selected, the instrument was recalibrated, and apparent conductivities for both dipole
orientations were measured at 10-m station spacings along the same line used for shorter coil

separations.

EMIX34 Plus, a computer program published by Interpex, was used to process the data and

préduce simple models of lateral and vertical conductivity changes along each line. Horizontal

d vertical d1pole conductivities for each coil separation were entered in the program a starting

cq nduct1v1ty model (consisting of layer thicknesses and conduct1v1t1es) was entered that

» quahtatwely fit the observed data, and then the computer displayed both the observed

C(

cq ﬁductivities ahd conductivities calculated from the chosen model. The model was then
aclj:usted by the user to better fit the observed data. After reasonable agreement was obtained, the
prcgram adjusted layer thicknesses and conductivities to obtain the best fit. The program then
per:formed equivalence analysis to determine the range of model thicknesses and conductiVities

- that produced a nearly equivalent fit to the observed data. .

Tlme—Domain Electromagnetic (TDEM) Soundings

In addition to the multiple-coil-separation soundings, time-domain, or transient,

eléctromagnetic (TDEM) soundings (Kaufman and Keller, 1983; Spies and Frischknecht, 1991)

were acquired with the Geonics PROTEM 47/S (fig. 12). These soundings gave a more detailed
: | . :

Ijlductivity profile at several sites to a maximum depth of 75 to 100 m. Instead of using

different frequencies and coil separations to vary exploration depth, the time-domain device
measures the decay of a secondary electromagnetic field produced by the termination of an

alternating primary electromagnetic field (fig. 13). The secondary field strength is measured by

i

23



Figure 12. Layout of Protem 47/S electromagnetic sounding instrument near abandoned Vancil #1
well at site 76.
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Figure 13. Protem 47/S transmitter input and receiver response. Adapted from Geonics Limited
(1992).
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the receiving coil at 20 moments in time (or “gates”) following transmitter current termination.

=y

Secondary field strength at early times gives information about conductivity in the shallow

su _Esurface; field strength at later times is related to conductivity at depth. The computér program
TEI;\/IIX, by Interpex, was used to construct model conductivity profiles that best fit the observed
transient decay for each site.

| Thirteen TDEM soundings were conducted at 9 sites in April 1996. All time-domain
sou:ndings were collected with a 40 x 40 m transmitter loop with the receiver coil outside the
'trarglsmitter loop (fig. 14). Whereas results of multiple coil-separation soundings are given in the
conductivity unit mS/m, results of time-domain soundings are customarily given in the resistivity

urlit ohm-m. These units are the inverse of each other and are converted by the equation:

Conductivity (fnS/m) = 1000/Resistivity (ohm-m)

Water and Soil Sampling

Sample Design

Ground water, surface water, and soil samples were collected to (1) evaluate how well the

airborne geophysical data characterizes ground-water and soil salinity and (2) identify sources of

m‘
—

nity in the study area. Data collected by BEG were merged with data collected by the Lower

Colorado River Authority (LCRA) and the Colorado Municipal Water District (CRMWD).
Ground-water samples were obtained from six water wells by the BEG. Combined with the 19
wells sampled by LCRA-CRMWD (fig. 15), this was the majority of the available water wells in
the study area and included areas of high and low conductivities mappéd by the airborne
geophysical survey. Locations of soil samples were paired with ground-water samples and
chf)sen in areas of high and of low conductivity shown on the 56,000 Hz ground-conductivity
map. _

Surface-water samples obtained by LCRA-CRMWD were collected in January 1996. Four

a

~

l;ditional surface-water samples were collected in VApriI 1996 by the BEG. In addition, wéter
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Figure 14. Instrument configuration of Protem 47/S sounding.
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Figure 15. LCRA and CRMWD staff sampling the Vancil well during the airborne geophysical
survey.
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'sarrnples were collected at two abandoned oil wells being plugged by RRC and from a seep

idePtlfied by RRC personnel as an unplugged core hole (fig. 16).'

Sar!nple Collection and Analysis

- Ground-water samples were taken by BEG from abandoned and non-abandoned wells.

!
here a well was not equipped with a pump, BEG installed a temporary pump to purge the

w eilbore and obtain a sample. The BEG used a.1/3-hp submersible electric pump powered by a

rtable electric generator. Ground-water samples collected by the LCRA and CRMWD were

from wells equipped with a functioning pump or from windmill wells. Three of the wells

sampled by BEG were large-diameter dug wells holding 475 to 2,480 L in storage. The others

were drilled wells holding much less water (less than 40 L) in storage.

Before taking our samples we monitored temperature, pH, and Eh in a flow cell connected

the water-discharge line from the sample pump. We collected samples after the values of

temperature, pH, and Eh had stabilized. This process took approximately 30 to 45 min, during

which time the water columns in the wells were drawn down as much as 80 percent. In other
wqrds, our 15 to 19 L/min pumping rate generally exceeded the rate of inflow of ground Water,b

par:‘ticularly in the shallow, hand-dug wells. Because of the high capacity and low yield of the

hcind-dug wells, multiple well-bore volumes in general were not purged before the water samples

were taken. Nevertheless, the stabilized values of temperature, pH, and Eh suggest that the water

tha!t was sampled was being drawn into the wells largely from the formation and most likely i

it t,ile affected by well-bore storage.

! Water sampling followed standard techniques (Brown and others, 1970; Wood, 1976).
|

Samples were passed through an in-line disposable 0.45-um filter connected to the discharge line

and collected in plastic 0.5-L narrow mouth bottles. Alkalinity was measured by titration of

unfiltered samples with a standard H2SO4 solution within several hours of collection. Waters to

> analyzed for major and minor cations were acidified in the field with 6N HNO3; waters to be

anélyzed for anions were collected without treatment. Sample bottles were sealed with laboratory
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Figure 16. Location of water and soil samples collected by CRMWD, LCRA, and BEG.
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,;
palraﬁlm and stored at 4°C prior to analysis. Cations were determined using ICP-OES

(inductively-coupled plasma——optical emission spectroscopy). Fluoride, chloride, bromide,
mtirate, and sulfate anions were determined by ion chromatography. Bicarbonate was determined
by’ titration. Total dissolved solids (TDS) of the CRMWD samples was determined by
gr%wimetric analysis of a filtered sample. TDS of the BEG samples was calculated aS the sum of
I¢ ;é)orted dissolved constituents (cations and anions and dissolved silica).

| Samples at the abandoned oil: wells were collected at the wellhead in a bucket and were then
filtered. Fluid pressure in the wells allowed the wells to di‘scharge at ground surface through the
valve being used by RRC to control flow during the plugging operation. The liquid collectéd at
the wellhead contained blat:k suspended solids (pipe scale) and some oil. Samples were

efiltered by passing through glass wool in a funnel. The water samples then were drawn

p

through an in-line 0.45-pm filter into a clear polycarbonate filter chamber. Water temperature

was measured in the stream flowing from the wellhead into the collection pit and pH was

measured in the filtered sample. The sample ftom the unplugged core hole was drawn into the

|
filter chamber through a 0.45-pm filter. Analytical procedures were as described above.

The four surface-water samples collected by BEG were collected in a bucket. Each water

sample was drawn through a 0.45-um filter into the filter chamber and decanted into two 500-

mL polyethylene bottles. Temperature was measured in the stream and pH was measured on site.

Qther sampling and analytical procedures were as described above.

Soil samples were collected with a hand auger and sealed in wide-mouth glass jars. In the
laboratory the samples were air dried and then milled. Electrical conductivity and chloride

measurements were performed on 1:1 extractions prepared at the BEG laboratory. Samples were

mechanically shaken for 1 hr then centrifuged to obtain a particle-free liquid. Electrical

conductivity (EC), which indicates the quantity of soluble salts in an aqueous sample, was

A

d

stermined on the supernatant using a direct-readout micro-conductivity cell and corrected to

2

4l

°C. Chloride concentrations were determined by argentometric titration or.ion

chromatography.

=1
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RESULTS

We analyzed results from the airborne geophysical survey to determine whether the
airborne method can reliably locate oil and gas wells and associated salt water plumes,
distinguish oilfield-related salinization from other sources, and effectively guide ground-based

geophysical, geological, and geochemical investigations of ground salinization.

Airborne Geophysical Survey

Dighem performed the airborne geophysical survey of the study area in January 1996
(Garrie, 1996). The principal instruments installed in the helicopter were a magnetometer to
measure magnetic field variations and several pairs of induction coils to measure ground
conductivity. One of the goals of the survey was to identify areas where conductive ground
coincided with a magnetic anomaly. This geophysical signature, insofar as a magnetic anomaly
can be produced by a well casing and a conductivity anomaly can be produced by subsurface
brine, might indicate areas where salt water has entered the ground through a surface pit or a
leaking oil or gas well. The products of the airborne survey, which included maps of magnetic
field and ground conductivity, formed part of the dataset that was analyzed to identify priority

sites for on-the-ground field investigations.

Magnetic Field Data

Total magnetic field data acquired during the airborne survey show abundant local magnetic
anomalies superimposed on a regional gradient (fig. 17). Magnetic field strength increases along
the regional gradient from the lowest value of 50,186 nT in the southwest corner of the study
area to the highest value of 50,382 nT in the northeast corner (Garrie, 1996). These results are
consistent with regional maps of magnetic field strength (G. R. Keller, unpublished data).

Linear and oval magnetic anomalies are superimposed on the regional gradient (fig. 17).
The anomalies are weak relative to the total field strength (as much as 30 nT, or about 0.06%),

but are well above the stated 0.01 nT sensitivity of the magnetometer. The linear features, some
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Figure 17. Map of enhanced total magnetic field strength. Black dots are oil and gas well locations from RRC. Green lines

represent pipelines.
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\’Vhich extend completely across the study area, are generally 150 to 200 m wide. Their
|
;iations correspond with those of known pipelines. Two of the more obvious anomalies, the
rthwest-southeast trending line in the southwest corner and the north-south trending line on the

st side that bends to the northeast, are both known (and slightly mislocated) Comyn Crude

i ielines (fig. 17). There are also known pipelines in the study area that are not visible on the
Y p1p

a:gnetic field map. -

| Most of the oval anomalies are about 160 m across, although they range from 80 to 200 m.

hese are anomaly dimensions in an east-west direction (along the flight lines), where

magnetometer measurements were acquired at 3 m intervals, rather than north-south (across the

ght lines), where measurements were 100 m apart. The oval anomalies are well distributed

()

(f

<

er the study area. Most of the oval magnetic anomalies coincide with known well locations

g 17) and are interpreted to be local magnetic field perturbations caused by magnetic elements

of the well (casing and pump jack). Other magnetic anomalies coincide with structures

- containing significant magnetically-susceptible material, such as some homes, metal barns, and

w

i

—

t

(@]

indmills. The presence of oil and gas wells (known both from RRC well records and ground

surveys-completed during this study) in areas where no magnetic anomalies are mapped confirms

a}t not all wells were detected during the airborne survey.

Typical oval anomaly diameters of 80 to 200 m suggest that the chosen flight line spacing

wjas a good compromise between anomaly detection and survey cost. Line spacing of 100 m used

) this survey probably missed some wells that produce small anomalies. Line spacings of 200 m

sted during processing by Dighem showed a reduction in the number of detected magnetic

anomalies.

E

h

?ctromagnetic Data

Ground conductivity maps of the study area were produced by Dighem after processing

elelctromagnetic data acquired during the airborne survey (Garrie, 1996). Maps were made from

brizontal coplanar coils operating at 56,000 Hz (fig. 18), 7,200 Hz (fig. 19), and 900 Hz
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Figure 18. Map of shallow ground conductivity at 56,000 Hz using vertical dipole coil orientation. Numbered locations represent preliminary
list of anomalous sites and other ground-based geophysical survey locations.
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g 20). Because exploration depth depehds on both frequency and ground conductivity, deeper

p{loration depths were attained at lower coil frequencies and, for a given coil frequency, less

quctive ground (fig. 21).

|

,bOO Hz Horizontal Coplanar Data

|

|
j' Ground conductivities measured by the 56,000 Hz coils, the shallowest exploration depth

quency, showed good contrast between the lowest observed values of about 60 to the highest

l;ues of 730 mS/m (fig. 18). Maximum exploration depths for this frequency Eleepen from 2.5
cfwer highly conductive ground to as much as 9 m over ground with the lowest observed

éductivities (fig. 21). This depth range is the one that is most affected by near-surface changes

r?nany factors that control ground conductivity, such as soil type (clay soils are more

rflductive than sandy soils), moisture content (wet soils are more conductive than dry soils), and

| . . . .
ater chemistry (saline water is more conductive than fresh water).

’ Highly conductive areas visible on the 56,000 Hz map include numerous small ovals that

ey generally 80 to 250 m across, curvilinear features that are a few hundred meters wide and

lI!ldI‘edS of meters long, and large, irregularly-shaped features covering many square kilometers

;lr. 18).

:{ Significant curvilinear features include (a) a zone about 200 m wide and more than 2 km

ng located along an east-facing bluff west of Bluff Creek in the northern part of the study area,

) a segmént about 400 m wide along Coyote Creek that extends from the northern edge of the

ay :
idy area to near the southern edge, (c) a 200-m wide zone along an east-facing bluff west of

th

&

m Creek, and (d) a short segment of Elm Creek just downstream from its confluence with
gle Branch (fig. 18).
The most significant of the large, irregular areas of high conductivity are (a) the western .

ird of the study area, (b) an area south of Hatchel and east of Coyote Creek, and (c) the area

jus’t east of Elm Creek south of its confluence With Mud Creek (fig. 18).
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Figure 21. Changes in estimated exploration depth (skin depth) with ground conductivity for
900 Hz, 7,200 Hz, and 56,000 Hz coil configurations. Values calculated from formula given for
[

dighem equipment by C. Nind (pers. comm.). Shaded area indicates conductivity range observed
in the Hatchel area.
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Sites were chosen for detailed ground investigation largely from the smaller, oval-shaped

anomalies because of the limited lateral distance that salt water plumes can move from brine pits

and potentially leaking wells. These features may also include small patches of conductive soil,

ings, and stock tanks. The curvilinear conductivity highs located at similar elevations along a

=

nff or hill slope probably mark the location of ground water seeps where the land surface has
ersected a water-bearing unit. Curvilinear features along the creeks most likely represent areas

here higher salinity water flows in the creek or associated alluvium. The large, irregularly-

sha‘ped features are too extensive to be caused by individual leaking wells, but some may be

ated where there are numerous closely spaced salt water sources. Most of these large features

CJ

arg probably not oilfield-related, but instead are located in areas where soils or shallow geologic

units have more clay, are wetter, or contain water with higher dissolved mineral content.

[\®)

00 Hz Horizontal Coplanar Data

Ground conductivity as sensed by the 7,200 Hz airborne coils ranges from 60 to more than

700 mS/m, only slightly lower than the range observed for the higher frequency coils (fig. 19).

bnsequently, exploration depths with the 7,200 Hz coils are deeper and range from about 24 m

r the least conductive ground to about 7 m for the most conductive ground (fig. 21).
j There is less highly conductive area on the 7,200 Hz map than on the 56,000 Hz map, which
ggests that many of the conductivity anomalies visible on the 56,000 Hz map represent

\ ~ .

atures within a few meters of the land surface. Local, oval-shaped anomalies that are

)%quitous on the higher frequency map are less common on the 7,200 Hz map. They are

rilcéntrated along the upper reaches of Mud Creek, east of Elm Creek and south of its

r‘hﬂuence with Mud Creek, and east and northeast of Hatchel, and a few more are scattered

rioss the study area (fig. 19). Large areas of anomalously high conductivities are found along

a

c?l east of Turkey Creek, along and west of Bluff Creek upstream from its confluence with Elm

C reek, and over the entire west-northwest section of the study area. The strongest large

a

%)malies are along Turkey Creek and Bluff Creek. Linear and curvilinear features such as those

40



evident on the 56,000 Hz map are absent at 7,200 Hz except along some roads. These are likely

- to|be power line artifacts.

' Most of the sites investigated using ground-based geophysical surveys were the small, oval-

shaped anomalies visible on the 56,000 and 7,200 Hz conductivity maps. These sites are

discussed in a subsequent section of this report.

|

900 Hz Horizontal Coplanar Data

[ ‘Highly conductive ground as measured by the 900 Hz airborne coils, covers less total area

thun that detected by the 7,200 Hz coils (fig. 20) Total range in conductivity values is also lower

fdr the 900 Hz coﬂs. most of the measurements fall between 60 and 400 mS/m. Maximum

exploration depths are 68 m for the least conductive ground and 27 m for the most conductive

ground (fig. 21).

C(

P

1S

of

D

| Few local conductivity anomahes are VlSlble in the 900 Hz data. The pr1nc1pal features are

thfee areas of similar ground conductivity (fig. 20). The smallest is an area of low to moderate
cq nductivity (100 to 150 mS/m) in the northwest part of the study area. This northwest low

conductivity zone is bordered to the southeast by a 4 to 5 km wide band of highly conductive

ground that trends north-northeast across the study area. Conductivities within this zone typically

ra‘nge from 150 to 400 mS/m. Bordering this zone to the southeast is an extensive area of low

)I|1duct1v1ty (60 to 120 mS/m).

’ The north-northeasterly trend of the conductive band matches the strike of Permian geologic

units in the area (Kier and others, 1976). These units dip gently to the west-northwest into the

‘P :{mian Basin. The 900 Hz coils, which sense the upper 30 to 40 m in the conductive zone, are

obably detecting a brine-bearing unit that is more conductive than units above and below it and
shallowing to the east-southeast. It is probably too deep to be detected in the northwest corner
the study area and has been removed by land surface erosion in the southeast part of the area.

eeper-exploring time domain electromagnetic soundings that were acquired to help understand
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the conductivity patterns visible on the 900 Hz map are discussed in a subsequent section of this

report.

Ground-Based Geophysical Surveys

Before the airborne survey was completed, we recognized that highly conductive ground
could be caused by several natural and cultural effects. For example, we could not be certain
from airborne geophysical data alone whether a given conductivity anomaly represented a
leaking well, an abandoned brine pit, a natural saline spring, clay-rich or wet soil, an outcrop of a
conductive geologic unit, or some other conductive feature. Field investigations that included
soil sampling, water sampling, and ground-based geophysical surveying were completed at a
number of sites in the study area that represent the variety of sites that would be encountered in a
future geophysical search for leaking wells. Soil type, geologic unit, and topographic setting
were established for each of these sites to examine their potential effects on the geophysical
signature. We did not attempt to investigate every well or every geophysical anomaly visible in

the airborne survey.

Site Selection

Ground-based geophysical investigations were carried out at 23 locations in the study area.
Field sites were a representative subset chosen from a list of 103 preliminary sites (table 2 and
appendix A) identified from the airborne magnetic and electromagnetic data. These sites were
classified into three common airborne signature types: CMW, CM, and CW. Type CMW sites are
those that have high conductivity anomalies on the 56,000 Hz map, have magnetic anomalies,
and have known wells nearby. Of the 103 preliminary sites, 71 are type CMW and represent
known wells where oilfield-related salt water might have infiltrated the ground. Type CM sites
are those that have high 56,000 Hz conductivity anomalies and magnetic anomalies, but have no

known wells nearby. There are 15 of these sites, which might represent salt water infiltration
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Table 2. Summary statistics for Hatchel area airborne and ground-based geophysical
sites (figs. 18, 19, and 20). Type CMW sites are those that have a conductivity anomaly,
a magnetic anomaly, and a known well. Type CM sites have a conductivity anomaly and
a magnetic anomaly, but no known well. Type CW sites have a conductivity anomaly
and a known well, but no magnetic anomaly. Type C sites have a conductivity anomaly,
but neither a known well nor a magnetic anomaly. Attributes of individual geophysical
sites are listed in Appendix A.

Total geophysical SItes ...........coooviiiiiiiiiiiiiii e 113
Type CMW, CM, CW, and Csites.............coeeiviinniiiiinnennnnn. 103
Type MW SItes . .....ivii s i i ieerneriarnnseativineeeennesennssanneibnnns 2
TDEM sounding-only Sites............cc.oeiiiiiiiiiiiiiiiiiieiieiiieeannn, 7
Other (COrehole) ... ...ouiniii e |

Mapped conductivity anomalies .............ccoceoeueiiiiiiiineiineiinenann.. 103 46 fit proﬁlel
CMW SIS ., poive st it AU Hinre s o ot vn Founa siubonssamen sifig 71 33 fit profile
CM SIES oo i i e it s 303 b e nswsons s anonssivnonsnpmannssbadiesins 15 6 fit profile
CW SIS ettt 14 7 fit profile
CONLY SIEES ..ttt 3 0 fit profile
Conductivity anomalies, 56,000 Hz...................coooiiii. 94
Conductivity anomalies, 7,200 Hz................ccooooiiiin . 54 20 are weak anomalies
Conductivity anomalies, 56,000 and 7,200 Hz........................ 46 20 are weak anomalies
Conductivity anomalies, 56000, 7200, and 900 Hz..................... 9

ReECONNAISSANCE SILES .....ueiiiiiiiiiiie e 23
CMW . ciaieiiienisonsioeiabiobessasosnassnionnssenssnnsenssntosssessasasbannrnnss 12 6 fit profile; 4 sources
CM ... cieiiineni isiraass ronsomns Sinensssansssonsinsnesusasesnabonnressnsdsnsbonnssil 4 2 fit profile; 2 sources
W iciitis s evsese s uiias 60 SRTas sk Eas St 0o's Hooibn sadinasTas onosn annsidsbpmansans 5 3 fit profile; 2 sources
T A A A N 1 o SR PR UOOTP QPO - 0 0 fit profile
M e 2 0 fit profile; 2 sources

Reconnaissance results at sites fitting proﬁlel

Site Anomaly type Inferred salinity source
14 CMW (56,000+7,200) Pit or Leak

46 CMW (56,000+weak 7,200) Source not found
56 CMW (56,000+7,200+900) Leak

59 CMW (56,000+weak 7,200+900) Leak?

74 CMW (56,000+weak 7,200) Source not found
76 CMW (56,000+7,200) Leak

25 CM (56,000+7,200) Tanks or pit

71 CM (56,000+v. weak 7,200) Tanks

12 CW (56,000+7,200) Pit

16 CW (56,000+weak 7,200) Leak or pit

70 CW (56,000+weak 7,200) Source not found

I Sites that fit a profile of a potentially leaking well are those that show conductivity anomalies measured

by both the 56,000 Hz and 7,200 airborne coils and have either a known well location, a magnetic

anomaly, or both.
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near leaking tank batteries or near wells that are either mislocated or not presently inventoried.
Type CW sites, of which there were 14, represent locations where there is a 56,000 Hz
conductivity anomaly and a known well, but no magnetic anomaly. These sites might indicate salt
water infiltration at known wells that were undetected by the airborne magnetometer or at old
wells that have no casing and are thus more likely to be leaking brine. The remaining three
preliminary sites had a conductivity anomaly but no well or magnetic anomaly (type C), which
might be interpreted as salt water infiltration near an unknown well that was not detected by the
airborne magnetometer. In addition to the investigations at the conductivity anomalies, we visited
two sites that had magnetic anomalies associated with known wells, but no conductivity anomaly
(type MW).

Ground-based geophysical investigations consisted of (a) 36 reconnaissance conductivity
profiles across 23 preliminary sites, (b) four surveyed conductivity profiles using multiple
exploration depths and six transient electromagnetic soundings at two sites, and (c) seven

additional transient electromagnetic soundings at background locations across the study area.

Type CMW Sites

Type CMW sites, where a conductivity anomaly (C), a magnetic anomaly (M), and a known
well location (W) coincide, were the most common of the 103 preliminary sites identified from
the airborne geophysical data (table 2 and appendix A). Ground-based geophysical methods were

employed at 12 of these sites, 11 of which are discussed individually below.

Site 76

Site 76, located in the northwest part of the study area, appears as an anomalously
conductive area on the shallow (56,000 Hz) and moderately deep (7,200 Hz) airborne
conductivity maps, but not on the 900 Hz map (figs. 18, 19, 20). The conductivity anomaly

measures about 120 m east-west and 200 m north-south on the 56,000 Hz map and coincides
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tL a magnetic anomaly that is similar in size (fig. 17). The site encompasses the abandoned

1Pcil #1 well (fig. 22), which was drilled and completed in 1966 and plugged in 1975. Thin
|

naternary surficial deposits cover Permian Clear Fork strata (fig. 2); soil is not cultivated and is

mapped as Portales clay loam (fig. 3).

’ Ground investigations at site 76 consisted of a reconnaissance conductivity profile and two

muhtiple-coil-separation conductivity profiles centered on the well and three TDEM soundings at
anld near the wcll (fig. 12). The reconnaissance profile, line 76A (fig. 23), reveals that elevated
ground conductivities extend about 130 m across the site from east to west for the 20 m coil
separation. This distance is similar to that measured from the airborne Survey maps. High

cq ﬁductivities for the horizontal dipole mode (above 100 mS/m) are found near the well, With

hi]ghest values located 20 m west of the well.

Multiple-coil-separation profiles (fig. 24) were acquired along an east-west line and a north-

squth line across the well to determine vertical and lateral ground conductivity patterns. Vertical
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Jpole data were erratic, but horizontal dipole measurements show well-defined conductivity

peaks on both lines (fig. 24a and b). Highest ground conductivities on line 76B, the east-west

1f|:, are found for the 10- and 20-m coil separations (fig. 24a). This indicates that the upper 6 to
m (the exploration depths for the 10- and 20-m separations) is more conductive than the 12-

24-m depth range.

The highest conductivity for the 10-m coil separation on line 76B is 10 m west of the

aﬂfandoned well. For the 20-m separation, the peak is 10 m farther west. Highest conductivities

1 the 40-m separation are lower than those for the shorter separations, but cover a broader area

amg are also centered about 20 m west of the well (the downslope direction). East and west of the

ak, conductivities increase with coil separation from 50 to 60 mS/m at 10 m separation, to 70

80 mS/m at 20 mS/m, to 80 to 90 mS/m at 40 m separation. This suggests that, away from the

cak, conductivity increases with depth within the upper 20 m.

Similar trends are visible on the north-south line 76C (fig. 24b). Peaks at each of the three

parations have similar conductivities (about 100 mS/m) and are all centered within 5 m of the
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gure 22. Sketch map of site 76. One reconnaissance conductivity profile (76A), two multiple;
il-separation profiles (76B and 76C), and three time-domain electromagnetic soundings (S76A,
/6B, and S76C) were acquired near the abandoned Vancil #1 well.
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Figure 23. Apparent ground conductivity at site 76 using 20 m coil separation and horizontal and
vertical dipole orientations. Line 76A crosses the abandoned Vancil #1 well from east to west.
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Figure 24. Apparent ground conductivity at site 76 using multiple coil separations (10, 20, and 40 m) and horizontal dipole (upper plot)
and vertical dipole (lower plot) orientations. Line 76B (a) crosses the abandoned Vancil #1 well from east to west. Line 76C (b) crosses
the well from south to north.
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11. Peaks drop off more quickly north of the well (the upslope direction) for the 10 and 20 m

AR

il separations than they do south of the well.
Horizontal dipole data were used to construct two layer conductivity models along lines

B and 76C (fig. 25). On line 76B, a low conductivity layer (23 to 90 mS/m) overlies a layer

th higher conductivities (144 to 211 mS/m) on the eastern and western flanks of the abandoned
:ill at about 100 m (fig. 25a). The surface 10W conductivity layer thins from about 4 m at each
d of the line to less than 1 m thi¢k near the well. At the well, the low conductivity layer is
placed by a layer that is 2 to 4 m thick and is‘more conductive than the layer below it. Two-

yer models constructed along north-south line 76C (fig. 25b) exhibit a similar pattern: a poorly

nductive surface layer overlies a more conductive layer and is a few meters thick away from

thel well, thins toward the well, and is replaced at the well by a layer that is 1 to 2 m thick and is

ore conductive than the underlying layer. The conductive surface layer is present along a

distance of about 30 m on the east-west line and about 15 m on the north-south line.

TDEM soundings were located at three sites along line 76B (fig. 22) to examine deeper

riations in ground conductivity. Transients for each of the soundings show decreasing apparent

resistivity with time (fig. 26), which suggests that conductivities increase with depth. Four layer

nductivity models were calculated that provide good fits to the observed transient decays.

ese models (fig. 26) confirm that resistivities decrease (or conductivities increase) in general

th depth and differ significantly only in the upper 10 m of the subsurface.

} Each of the models shows a decrease in resistivity from about 10 ohm-m to 2 to 3 ohm-m

ar 40 m depth A thin surface layer that is more conductive than underlying units thickens

|
|

om less than 5 m at the most upslope sounding (S76A, f1g 26a) to 7 or 8 m at the sounding

clkC)sest to the well (S76B, fig. 26b) and at the sounding downslope from the well (S76C, fig.

J:). This high conductivity surface layer probably correlates with the lower conductive layer

:tiected on the multiple-coil-separation profilés.

Despite a lack of surface evidence of brine leakage (no barren zone or brine at the surface),

this plugged well is probably leaking. Evidence suggesting a recent or ongoing leak includes
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Figure 25. Two-layer conductivity models that fit multiple-coil-separation data for east-west line
76B (a) and north-south line 76C (b) at site 76. Vancil #1 well is located at 100 m on line 76B and
at 90 m on line 76C.
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Figure 26. Transient decay curve (left) and resistivity models (right) at TDEM sounding sites S7T6A
(a), S76B (b), and S76C (c).
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nductivity anomalies visible on 56,000 and 7,200 Hz airborne conductivity maps, conductivity

aks centered near the abandoned well for the 10 m, 20 m, and 40 m EM34 coil separations, a

pdeled conductive layer that shallows near the well, and the presence of a near-surface high

nductivity zone downslope from the well. The most likely cause of elevated ground

nductivity near the well is the presence of brine from the well. Background conductivity levels

e reached within about 50 m of the well, suggesting that little brine has migrated farther than

at distance.

te 14

Site 14 is situated near a tributary of Mud Creek in the northeast part of the study area (fig.

), where a few cm of Potter clay loam soil grade downward into Permian Clear Fork Group

rata (figs. 2 and 3). Site 14 consists of conductivity anomalies on 56,000 Hz and 7,200 Hz

aPs, but no anomaly is apparent on the deeper 900 Hz map (figs. 18, 19, and 20). Two

andoned wells are located within the area of anomalous ground conductivity. The northern of

e two, the Brevard #1-B well, was drilled in 1934 and plugged with state funds in 1991. The

-A well is located 75 m south of the #1-B well.

Two reconnaissance conductivity profiles were acquired across site 14. Line 14A, oriented
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