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[1] Using an example from an oil field in the semiarid Red River basin in Texas, we show
that electromagnetic (EM) methods are useful in locating salinized soil and water,
determining salinization extent, identifying likely salinity sources, and estimating the total
mass of chloride within a saline-water plume. Each of these aspects assists in managing
salinization and assessing its impact. We used ground EM instruments to establish
salinization boundaries and determine the range of electrical conductivity, airborne
measurements to locate potential sources and quantify the lateral extent and intensity of
salinization, and borehole measurements and time domain EM soundings to determine
salinization depth and relate ground conductivity to chloride content. We estimated
infiltration volume and total chloride mass in the plume from EM data and an empirical,
site-specific chloride:conductivity ratio established from well data. Because the measured
conductivity of water strongly correlates with total dissolved solids concentration, mass
estimation could be extended to any ionic constituent that covaries linearly with total
dissolved solids concentration. EM methods owe their success to the large increase in
electrical conductivity that occurs where highly conductive, saline water infiltrates
geologic materials having naturally low conductivities.  INDEX TERMS: 0694
Electromagnetics: Instrumentation and techniques; 1831 Hydrology: Groundwater quality; 1894 Hydrology:
Instruments and techniques; KEYWORDS: salinization, electromagnetic induction, airborne geophysics, total
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1. Introduction [3] Major potential causes of near-surface salinization

[2] Salinization of soil and water is a common problem in
arid and semiarid regions around the world [ Ghassemi et al.,
1995]; its impact is felt in many population centers and
agricultural provinces. Examples abound from Australia
[Macumber, 1969; Hillman, 1981; Schofield and Ruprecht,
1989], the Middle East [Rosenthal et al., 1992; Vengosh and
Ben-Zvi, 1994; Marie and Vengosh, 2001], Africa [Kirchner
et al., 1997; Valenza et al., 2000], Asia [Smith, 1992; Chen
et al., 1997; Funakawa et al., 2000; Wang et al., 2000],
South America [Gilboa, 1977], North America [Nightin-
gale, 1974; Miller et al., 1981; Dutton et al., 1989; Hendry
and Buckland, 1990; Richter and Kreitler, 1993], and India
[Prakash and Chadha, 1983]. Soil salinization diminishes
crop yields, increases runoff and soil erosion, and contrib-
utes to desertification [Banin and Fish, 1995]. Water sali-
nization degrades surface water and groundwater supplies,
limits irrigation, requires treatment for municipal and indus-
trial uses, perturbs riverine ecosystems, causes freshwater
plants to be replaced by salt-tolerant ones, and affects
recreational and commercial fisheries.
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include (1) migration of subsurface saline water through
faults, fractures, or permeable geologic units where driven
by gravity or fluid pressure; (2) intrusion of seawater in
coastal areas; (3) evaporative concentration of groundwater
from shallow water tables that have risen in response to
irrigation, landscaping, or vegetation alteration; (4) infiltra-
tion of oil field brine beneath surface disposal pits and
through leaking oil and gas wells; and (5) road salting
[Kovda, 1946; Barica, 1972; Richter et al., 1990; Richter
and Kreitler, 1993; Ghassemi et al., 1995].

[4] Remote sensing methods, including analysis of aerial
photographic and satellite images [Johnston and Kamprad,
1988; Dwivedi et al., 1999; Pankova and Rukhovich, 1999],
have been used to detect salinization but may underestimate
its lateral extent beneath unaffected vegetation. Geochem-
ical methods [Whittemore, 1984, 1995; Dutton et al., 1989;
Richter and Kreitler, 1993] have been developed to distin-
guish salinity sources but commonly require extensive soil,
surface water, and groundwater sampling and chemical
analyses.

[5] Geophysical methods, particularly electromagnetic
(EM) induction, complement remote sensing and geochem-
ical approaches. EM methods have proven to be very
effective in locating salinized areas, mapping the extent
and intensity of salinization, and locating potential salinity
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Figure 1. Location of the study area within the Red River
drainage basin, Montague County, Texas.

sources in support of more invasive studies. Early geo-
physical instruments used to estimate soil salinity indirectly
included in situ transducers and electrode arrays to measure
soil conductivity [Enfield and Evans, 1969; Halvorson and
Rhoades, 1974]. During the late 1970s and early 1980s,
investigators began developing and using EM instruments
to measure ground conductivity noninvasively and estimate
soil and water salinity at depths ranging from less than 1 to
more than 50 m [De Jong et al., 1979; McNeill, 1980a,
1980b; Rhoades and Corwin, 1981; Corwin and Rhoades,
1982, 1984; Williams and Baker, 1982; Williams and
Braunach, 1984; Williams and Fidler, 1985]. Statistical
techniques have been developed to predict soil salinity
and monitor temporal changes by combining EM and soil
sampling [Lesch et al, 1995, 1998]. Ground-based EM
methods continue to be used widely in salinity mapping
[McKenzie et al., 1997; Banerjee et al., 1998]. The EM
method is popular because it can be rapidly and noninva-
sively applied. It is effective because a large increase in
electrical conductivity typically accompanies the introduc-
tion of extremely conductive saline water (several hundred
to several thousand millisiemens per meter [Hem, 1985])
into freshwater, soil, and rock that generally have low
natural conductivities (a few tens to a few hundred millsie-
mens per meter [McNeill, 1980al)).

[6] This paper illustrates how we combined several EM
methods to assess near-surface salinization within a 35 km?
area along the Red River in Montague County, Texas
(Figure 1). In this semiarid environment an area barren of
vegetation formed on a cultivated Pleistocene alluvial
terrace in the 1980s and expanded during the 1990s to
encompass 219,000 m? on the terrace [Hovorka et al.,
1999a, 1999b]. The terrace lies topographically below and
adjacent to an oil field on the Permian upland (Figure 2) that
has been operating since the 1920s, has produced brine
along with hydrocarbons, and has had some of the produced
brine discharged onto the surface and into pits before
Texas’s no-pit order was implemented by the Railroad
Commission of Texas in 1969. Depths to the relatively
shallow water table range from 4 to 10 m on the upland and
less than 2—6 m on the terrace. We used surface, borehole,
and airborne EM methods to (1) establish lateral and
vertical extent of salinization, (2) map the degree of
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salinization, and (3) identify potential salinity sources in a
large saline-water plume associated with the barren arca. We
combined this information with chemical data from water
samples to estimate chloride mass within the plume, assess
the plume’s potential impact on the Red River, and evaluate
remediation options.

2. Methods

[71 We used frequency and time domain EM methods to
measure apparent electrical conductivity to depths of 50-
100 m in the study area. Frequency domain EM methods
use a changing primary magnetic field created around a
transmitter coil to induce current to flow in the ground or in
the annulus around a borehole, which in turn creates a
secondary magnetic field that is sensed by the receiver coil
[Parasnis, 1973; Frischknecht et al., 1991; West and Mac-
nae, 1991]. The strength of the secondary field is a complex
function of EM frequency and ground conductivity
[McNeill, 1980b] but generally increases with ground con-
ductivity at constant frequency. Time domain EM (TDEM)
devices measure the decay of a transient, secondary mag-
netic field produced by currents induced to flow in the
ground by the termination of a primary electric current
[Kaufman and Keller, 1983; Spies and Frischknecht, 1991]
flowing in a transmitter loop. The secondary field strength is
measured by the receiving coil at discrete time intervals
following transmitter current termination. In horizontally
layered media, secondary field strength at early times gives
information on conductivity in the shallow subsurface; field
strength at later times is influenced by conductivity at depth.

[8] Geophysical investigations consisted of ground-based-
reconnaissance, high-resolution-airborne, and follow-up
borehole and TDEM surveys. Reconnaissance surveys were
completed using the Geonics EM34-3 ground conductivity
meter that was chosen on the basis of expected salinization to
depths of a few tens of meters. We used this instrument to
establish the range of conductivity values, the lateral salini-
zation boundaries, and the presence of multiple salinity
sources represented as local conductivity peaks. On the basis
of reconnaissance results, boundaries and acquisition param-
eters were chosen for the airborne EM survey. Airborne,
frequency domain EM data were acquired in 1997 by Geo-
terrex-Dighem (now Fugro Airborne Surveys) using heli-
copter-borne horizontal coplanar coils operating at 900,
7200, and 56,000 Hz and vertical coaxial coils operating at
900 and 5500 Hz at an instrument hei§ht of 30 m and a flight-
line spacing of 100 m over the 35 km~ study area. Geoterrex-
Dighem processed the airborne data, calculating apparent
half-space conductivities for each coplanar coil frequency at
each measurement point. Measurement spacing along each
flight line was 3 m, providing the high-resolution coverage
needed to identify salinity sources and quantify salinized
areas accurately. Similar airborne surveys have been com-
pleted in Mississippi [Smith et al., 1997] and west Texas
[Paine et al., 1997, 1999] to locate conductivity and magnetic
field anomalies associated with oil field salinity sources that
include brine-disposal pits, surface spills, and leaking wells.

[o] At the Montague County site, patterns evident on
apparent ground conductivity maps produced from the air-
borne data guided borehole placement and follow-up studies
that included TDEM soundings, borehole logging, and
water sampling. We acquired TDEM soundings at the
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Figure 2. Topographic map of the study area superimposed on apparent conductivity measured using
7200 Hz airborne induction coils. The Permian upland, the high-relief area occupying the southern half of
the map, includes part of the Nocona North Oil Field. Approximate boundaries of the oil field are defined by
former pit locations determined from 1966 aerial photographs. A Pleistocene terrace (low relief) covers
most of the northern part of the map between the modern Red River floodplain and the Permian upland.

surface using a Geonics Protem 47 instrument. We used the
computer program TEMIX, by Interpex, to construct model
conductivity profiles that produce synthetic transients that
match the observed transients. To acquire a sounding, a
40 x 40 m, single-wire transmitter loop carrying an alter-
nating current of 2 A was placed on the ground. We then
placed a receiver coil at the center of the transmitter loop
and recorded the transient signal between 7 ps and 2.8 ms
after current cutoff. Exploration depth was 50—-100 m.

TDEM soundings established the thickness of the saline-
water plume, and borehole EM logs verified the relationship
between lithologic units, chloride content, and measured
electrical conductivity.

3. Results

[10] Reconnaissance measurements revealed that appa-
rent conductivities ranged from less than 50 mS m™' in
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Figure 3. Changes in exploration depth (skin depth) with
ground conductivity for 900, 7200, and 56,000 Hz airborne
coil configurations. Line ranges correspond to conductivity
ranges observed in the study area.

areas having no evidence of salinization to 200 mS m~" or

more across saltwater seeps and barren areas. These surveys
also indicated that (1) there is a conductivity anomaly
associated with the barren area on the Pleistocene terrace;
(2) the conductivity anomaly underlies an area that is much
larger than the barren area; (3) several local conductivity
anomalies exist along the drainages that cross the oil field,
suggesting more than one source of saline water; and (4) the
salinity sources and salinization are bounded by an area
that is about 5 km east-west by about 7 km north-south
(Figure 2). This area was subsequently surveyed using
airborne instruments.

[11] Maps of apparent ground conductivity, as measured
by the airborne 56,000, 7200, and 900 Hz induction coils,
are similar; each clearly shows the extent of highly con-
ductive ground associated with the saline-water plume
(Figure 2). Exploration (skin) depth, defined as the depth
at which the primary field strength is reduced to 1/e times its
original value, depends on both the conductivity of the
ground and the frequency of the instrument. Skin depth is
calculated using the equation

d =k(p/f)"?,

where d = skin depth (in meters), k£ = 500 (m/ohm-s)*>, p =
resistivity (in ohm-m), and /= EM frequency (in cycles s~ ')
[Telford et al., 1976]. Recast into equivalent, reciprocal
conductivity terms, this equation becomes

d =k(1/of)*,

where k = 15,681 (m-mS s~ ")%°, ¢ = conductivity (in mS
m™ "), and /= EM frequency.

[12] Exploration depths for the 56,000 Hz coils, calcu-
lated from the known frequency and from the observed
apparent conductivity range of 25-3000 mS m ™', increase
from about 1 m for the most conductive ground to about 14
m for the least conductive ground (Figure 3). Apparent
conductivities measured by the 7200 Hz coils, ranging from
25to 1500 mS m ' (Figures 2 and 3), are lower than those
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measured by the 56,000 Hz coils. Exploration depths for
this frequency are between 5 and 38 m, decreasing with
increasing conductivity. At 900 Hz, airborne coils measured
apparent conductivities that ranged from 25 to 500 mS m™".
Exploration depths for this frequency are between 25 m for
the most conductive ground to more than 75 m for the least
conductive ground.

[13] Particularly at the two higher frequencies, many
conductivity anomalies in the oil field on the Permian
upland coincide with known brine-pit locations visible
on aerial photographs taken in 1966 before pit closure
(Figure 2). Each of these anomalies is several hundred
meters across. As exploration depth increases, the degree
of connection between adjacent anomalies and with the
large anomaly on the Pleistocene terrace increases, suggest-
ing that discharge of produced brine into the pits was a
major source of saline water. The 219,000 m? barren area on
the Pleistocene terrace falls within a much larger conduc-
tivity anomaly that underlies about 10 km? and has apparent
conductivities ranging from just above background values
(about 50 mS m™ ') to the highest conductivities observed
for each frequency (Figure 2). This large anomaly has a
sharp eastern boundary that may be controlled by paleo-
topography on the buried Permian surface, a bifurcation into
a northeast trending branch and a west trending branch, and
a diffuse northern boundary. Parts of the modern floodplain
of the Red River, and the river itself, are also highly
conductive, reflecting the high chloride concentrations in
the river and its alluvium attributed to upstream natural and
anthropogenic sources [Red River Authority of Texas, 1996].
The low elevation of the river and its modern alluvium and
observed groundwater flow directions eliminate the river as
a potential source of the saline water on the higher Permian
upland and Pleistocene alluvial terrace (Figure 2). Saline
seeps along the base of the Pleistocene terrace demonstrate
flow from the plume to the modern floodplain and river
itself.

[14] Much as results from the ground-based surveys were
used to design the airborne survey, results from the airborne
survey were used to determine optimal borehole locations
and follow-up geophysical sites. Borehole induction logs
(Figure 4) and chemical analyses of water samples from
monitoring wells verified that the large conductivity anom-
aly on the Pleistocene terrace is caused by high total
dissolved solids (TDS) concentrations in near-surface
deposits below the water table and that the salinity signature
is consistent with that of brine produced from the adjacent
oil field [Hovorka et al., 1999a].

[15] It is possible to invert airborne EM data to obtain
estimates of changes in subsurface conductivity with depth,
but the accuracy of these depth inversions may be limited
by the small number of measurements at each point. Better
vertical resolution can be obtained using borehole instru-
ments or, to a lesser degree, ground TDEM instruments. We
acquired borehole logs in 16 monitoring wells within and
outside the plume and supplementary TDEM soundings at
23 sites on the Permian upland and Pleistocene terrace
(Figure 2) to obtain generalized conductivity profiles with
depth and to estimate depth of salinization. Transient
signatures from TDEM soundings in saline-water plume
and nonplume locations clearly differ (Figure 5). Transients
measured in nonplume areas have short durations (less than
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Figure 4. Comparison of conductivity profiles acquired at
a monitoring well using a borehole induction instrument and
adjacent to the well using a time domain electromagnetic
induction (TDEM) instrument (TDEM site 1, Figure 2).

1 ms) and high apparent resistivities (more than 10 ohm-m
resistivity or less than 100 mS m~' conductivity), whereas
transients measured over the saline-water plume have longer
durations (more than 1 ms) and lower minimum apparent
resistivities (a few ohm-m resistivity or a few hundred
millisiemens per meter conductivity). Coherent increases
in apparent resistivity observed at late times in transients
acquired over the saline-water plume confirm that the
soundings reached nonsalinized strata beneath the plume
(Figure 5). Three- to five-layer models produced synthetic
transients that fit the transients observed at each site to
better than 3 percent difference between the actual and
synthetic transients. The model that fits the transient
acquired at TDEM site 5 in the northwestern branch of
the plume (Figures 2 and 5) indicates the presence of
conductive ground (less than 10 ohm-m resistivity or more
than 100 mS m~"' conductivity) from the surface to a depth
of about 23 m; the most conductive zone (I ohm-m
resistivity or 1000 mS m~' conductivity) is between 5
and 23 m depth.

[16] Despite different instrument types, assumptions, and
processing algorithms, cross sections constructed from
TDEM soundings agree well with apparent conductivity
maps constructed from airborne data. Where apparent con-
ductivity maps show elevated values, TDEM soundings
indicate conductive layers in the near surface. Where
apparent conductivity maps show low values, TDEM
soundings indicate resistive layers in the near surface.
Section A-A’, constructed from best fit conductivity models
for soundings acquired along the main axis of the saline-
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water plume (Figures 2 and 6), illustrates that moderately
conductive (100-300 mS m~') and highly conductive
(300—1000 mS m™") layers are thickest beneath the oil
field on the Permian upland (33—38 m thick at soundings 18
and 17), further suggesting an oil field source for the plume.
These layers thin northward (toward the Red River) across
the Pleistocene terrace from 15 m at sounding 1 to 7 m at
sounding 13 and are not present at sounding 4. Modeled
conductivities of 10—100 mS m~" in layers underlying the
conductive layers are similar to apparent values measured
beneath the plume using borehole instruments and beyond
the boundaries of the saline-water plume using airborne and
ground-based induction coils.

[17] The relative merits of borehole induction logs and
surface TDEM soundings are evident when we compare an
induction log acquired at a monitoring well with the best fit
conductivity model obtained from a TDEM sounding
acquired adjacent to the well (Figure 4). The borehole log
clearly shows the base of the saline-water plume and
stratigraphic detail, allows us to determine which stratal
units have been infiltrated by saline water, can guide water
sampling, and allows us to associate chloride content in
water to measured ground conductivity. TDEM soundings
locate the base of the plume relatively well, produce a good
general fit to measured borehole conductivities, are non-
invasive, and are more easily acquired than borehole logs,
although their vertical resolution is poor. TDEM soundings
also explore deeply enough to allow us to determine optimal
drilling depths and to ensure that the boreholes reached the
base of the saline-water plume.

4. Determining Plume Volume

[18] Once the apparent conductivity range has been
established for salinized and nonsalinized ground, EM data
can be used to estimate the subsurface volume infiltrated by
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Figure 5. Comparison of transient signals (left) and best
fit conductivity models (right) from TDEM soundings
acquired over the saline-water plume (TDEM site 5, Figure
2) and in a nonplume area (TDEM site 3). Solid and open
symbols at left are the observed transients. Solid and dashed
lines at left are the synthetic transients calculated using the
models shown at right.
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Figure 6. TDEM cross section A-A’ along main axis of the saline-water plume (Figure 2) showing land-
surface elevations and elevations and conductivities of the modeled layers. Highly conductive layers have
conductivities greater than 300 mS m ™', moderately conductive layers have conductivities between 100
and 300 mS m ', and background layers have conductivities less than 100 mS m™".

saline water. Areal salinization extent for a given airborne
coil frequency can be determined by gridding the apparent
conductivity measurements and calculating the total surface
area having values above a given threshold, which is about
70 mS m ' for the study area but will vary elsewhere
because of regional differences in soil type, rock type, water
saturation, water chemistry, and layer geometry. Excluding
unrelated, highly conductive ground near the Red River, the
total salinized area considered to be within the plume
(ground having conductivities above 70 mS m™') is about
10 km®. This value, including 3.1 km® on the Permian
upland and 6.9 km? on the Pleistocene terrace, is about 45
times the size of the barren area mapped on the ground and
on infrared aerial photographs [Hovorka et al., 1999a].
Areas can be calculated similarly for higher conductivity
thresholds, producing an areal distribution of salinization
intensity.

[19] Plume thickness can be estimated by inverting multi-
frequency airborne data if the plume extends no deeper than
the exploration depth of the instrument, but more accurate
values are obtained using TDEM soundings and borehole
data. By multiplying the upland and terrace plume areas
(determined from airborne EM data) by average plume
thicknesses of 32 m on the upland and 14 m on the terrace
(determined from TDEM and borehole data only), we
estimate that the total subsurface volume infiltrated by
saline water is 193 x 10° m’.

5. Estimating Chloride Mass

[20] Chemical analyses of 40 water samples taken from
monitoring wells in the study area reveal a strong empirical
relationship between TDS and measured electrical conduc-
tivity of the water samples [Hovorka et al., 1999a] and
between chloride concentration and measured water con-
ductivity (Figure 7). Borehole measurements using an EM
instrument verify that apparent ground conductivity

increases with increasing chloride (and thus TDS) concen-
tration (Figure 8). Chloride concentrations in analyzed
samples range from 19 mg L' to 44.2 g L™'; measured
conductivities for these samples increase from 65 to 10,220
mS m~'. Over this concentration range, the ratio of chloride
concentration to measured conductivity increases with
chloride concentration, averaging an increase of 3.42 mg
L~ of chloride for every 1 mS m™' increase in measured
conductivity for the most commonly observed chloride
concentrations. Recast to equivalent units, this ratio
becomes 3.42 g m > mS™'. We can use this ratio to estimate
total chloride mass within the exploration range of the
airborne induction coils by estimating the apparent electrical
conductance of the plume (exploration depth multiplied by
apparent conductivity) and recognizing that it is dominantly
the dissolved solids that contribute to the anomalously high
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Figure 7. Relationship between chloride content and
measured electrical conductivity of water samples from
survey-area wells.
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Figure 8. Relationship between chloride content of water
samples and peak electrical conductivity measured using a
borehole induction logger at the depth of the water sample.

ground conductivities. Once we know the relationship
between chloride concentration and conductivity, we can
estimate chloride mass within a subsurface volume by
measuring ground conductivity, removing the formation or
“background” contribution (conductivity in nonplume
areas), ascribing all remaining or “excess” conductivity to
electrolytic flow of dissolved constituents, and determining
the ionic mass required within the exploration depth range
to elevate ground conductivity to the measured value.

[21] If we assume that apparent ground conductivity in
excess of observed background values of 50 mS m™" is due
to the presence of chloride and other ions in pore fluid (i.e.,
that conductivity is dominantly electrolytic within the
plume), we can calculate a mass of chloride per unit area
from the empirical chloride:conductivity ratio and a ground
conductivity measurement. This number will represent total
mass of chloride (but not its concentration because of the
electrical equivalence of thin, highly conductive zones and
thick, less conductive zones) within the exploration range of
a given coil frequency. Total chloride mass will be higher
for a given ground conductivity as the EM frequency
decreases and exploration depth increases. To estimate
chloride mass per unit area for a given apparent conductiv-
ity and coil frequency, we (1) calculate how much the
conductivity of pore water increases as chloride concen-
tration increases (the chloride:conductivity ratio in g m™>
mS™); (2) measure the apparent ground conductivity; (3)
determine the exploration depth for the conductivity meas-
urement; (4) subtract the background conductivity from the
measured ground conductivity to calculate excess conduc-
tivity; (5) multiply the excess conductivity (in mS m ') by
the exploration depth to determine excess conductance (in
mS) attributed to saline water; and (6) multiply the excess
conductance (in mS) by the chloride:conductivity ratio (in g
m 2 mS™") to arrive at a chloride mass per unit area. This is
the chloride mass associated with the TDS increase required
to account for the excess conductance.

[22] To illustrate and verify this approach, we calculated
chloride mass for an area near a monitoring well at TDEM
site 1 (Figure 2) where we also independently calculated
chloride mass from borehole data. From airborne EM data
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we know that the apparent conductivity measured by the
900 Hz airborne induction coils at the monitoring well is
325 mS m~'. Removing the background conductivity of 50
mS m~', there remains 275 mS m~' of excess apparent
conductivity that we attribute to electrolytic conductance
associated with the presence of chloride and other ionic
constituents within the exploration depth range of the
instrument. At 325 mS m~ and 900 Hz, the exploration
depth is about 30 m (Figure 3). Excess conductance (con-
ductivity multiplied by depth) is thus 275 mS m~" x 30 m,
or 8250 mS. Using the restated chloride:conductivity ratio,
we calculate the chloride mass per unit area to be 3.42 g
m 2 mS™' x 8250 mS, or 28.2 kg m * for the 900 Hz
airborne data acquired at the monitoring well.

[23] At the same site, we know from water samples and
borehole EM logs that (1) saline water has infiltrated coarse
sediments that are about 5.4 m thick and (2) the average
chloride concentration of water samples from this well is
17,960 mg L™" [Hovorka et al., 1999a]. Per square meter at
the surface, saline water has infiltrated a volume of 5.4 m3
(5400 L). We do not know the porosity of the sediments
beneath the Pleistocene terrace, but we can estimate poros-
ity by dividing the chloride mass calculated from the
airborne measurements for one square meter (28.2 kg) by
the chloride concentration of the water samples (17.96 g
L"), yielding a water volume of 1570 L. Dividing this
number by the infiltrated volume of 5400 L yields a porosity
estimate of 29 percent, a low but reasonable value for
unconsolidated sand and gravel [Davis, 1969]. Using a
higher porosity would increase the water volume and the
chloride mass, suggesting that the calculation from airborne
EM data slightly underestimates the actual chloride mass.
Nevertheless, the reasonableness of this porosity value
suggests that the chloride mass estimated using airborne
measurements is close to the actual chloride mass at the
monitoring well. It would be difficult to improve the
accuracy of airborne determinations of chloride mass
because (1) the airborne coils respond unequally to similar
chloride concentrations at different depths within the explo-
ration range; (2) there are conductivity variations related to
lateral and vertical sediment and rock-type changes that are
ignored in these calculations; (3) there are conductivity
variations caused by chloride in the unsaturated zone and
in fine-grained units that violate the electrolytic assumption;
and (4) exploration depth may be greater or less than the
skin depth, depending on the actual conductivity profile.
Despite vertical resolution shortcomings that we avoided by
using borehole and TDEM measurements to establish
salinization depth, depth inversions of airborne EM data
might yield apparent conductivity profiles that are closer to
true subsurface conductivity and potentially improve the
accuracy of chloride mass estimates.

[24] We can calculate chloride mass per unit area for the
range of observed conductivities for the 900, 7200, and
56,000 Hz airborne coils (Figure 9) in a manner similar to
that used at the monitoring well. To estimate total chloride
mass within the exploration range of a given coil frequency,
we must determine the incremental areas having a given
conductivity range, multiply those areas by the chloride
mass per unit area value for that conductivity and frequency,
and then add each mass value to all others for that coil
frequency (Figure 10).
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Figure 9. Above-background chloride mass per unit area
calculated for 900, 7200, and 56,000 Hz airborne coils
assuming background conductivity values of 50 mS m™!
and a chloride:conductivity ratio of 3.42 g m % mS™".

[25] Because lower frequencies have greater exploration
depths (and higher chloride mass per unit area values) for
a given ground conductivity, the choice of coil frequency
for chloride mass calculations is important. TDEM sound-
ings show that conductive ground reaches maximum
depths of 7-43 m, which are beyond the exploration
depth of the 56,000 Hz and, to a lesser extent, the 7200
Hz coils when operating over conductive ground. Chloride
mass estimates made at these frequencies will be lower
than those made from 900 Hz data and will underestimate
total chloride mass, but they may reveal useful information
about vertical distribution of chloride. Calculations made
from the 900 Hz data indicate that total chloride mass in
the saline-water plume is about 1.5 x 10® kg. This
chloride mass is equivalent to the amount of chloride
contained in 2.3 x 10° L (14 x 10° barrels (bbl)) of
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Figure 11. Estimated volume of original brine (at 65,000

mg L' chloride concentration) within the saline-water
plume and equivalent volumes of saline water at diluted
chloride concentrations.

saline water with a concentration of 65,000 mg L', the
approximate value of brine produced in the nearby oil field
(Figure 11). Chloride concentrations have been diluted
from original concentrations to the wide range of values
observed in monitoring wells, increasing the total volume
of saline water within the plume to more than 16 x 10° L
(100 x 10° bbl).

6. Other Constituents

[26] At this site, chloride was the dominant anion in the
electrolyte and was the constituent of greatest concern in
nearby water wells and surface water bodies. We were able
to estimate chloride mass per unit area and total mass from

-0~ Whole plume (148 x 10° kg ClI)
[ Upland (47 x 10° kg CI)
| Terrace (100 x 10% kg CI)

250 300

Figure 10. Estimates of chloride mass within apparent conductivity ranges measured by the 900 Hz
airborne induction coils. Values below 70 mS m™' are outside the saline-water plume.
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ground conductivities measured by the airborne instrument
because (1) electrolytic (as opposed to formation) effects
dominated ground conductivity within the plume, (2) there
was a linear relationship between chloride and TDS con-
centrations evident from chemical analyses of water sam-
ples from the saline-water plume, (3) ground conductivity in
this area increases linearly with TDS concentration of pore
water in this concentration range, and (4) exploration depth
of the airborne instrument was sufficient to penetrate the
plume entirely. By extension, the same approach could be
used to estimate TDS mass per unit area and total mass or,
indeed, the mass per unit area and total mass of any ionic
constituent in the electrolyte that varies linearly with TDS
(not all do), as long as electrolytic conductance is the
dominant control on ground conductivity. The electrolytic
dominance and the linear relationships among TDS and
ionic constituents of interest can be confirmed by chemi-
cally analyzing water samples of varying TDS concentra-
tion and comparing the results to borehole conductivity
measurements.

7. Conclusions

[27] Ground-based EM methods can be used to establish
saline-water plume extent over relatively small areas (up to
a few square kilometers) and are needed to determine
salinization boundaries and conductivity ranges for airborne
surveys, which are best suited for areas larger than a few
square kilometers. Airborne surveys allow investigators to
screen large areas rapidly, identify salinized areas, quantify
the areal extent and intensity of salinization, locate potential
salinity sources, determine optimal borehole and follow-up
geophysical survey locations, and estimate the total mass of
chloride (or other ionic constituents that covary with TDS)
within the exploration depth range of a given coil frequency.

[28] TDEM soundings complement airborne data by
detecting the top and bottom of a saline-water plume,
extending the exploration depth below the deepest levels
investigated using airborne EM, and revealing averaged
conductivity values of subsurface materials. TDEM sound-
ings can also help anticipate required drilling depths and can
serve as rapid, noninvasive, and low-cost borehole proxies
where drilling is impractical or impossible.

[29] Borehole induction logs most accurately determine
the vertical extent of salinization, identify strata carrying
saline water, confirm the relationship between ground con-
ductivity and ionic concentration, and verify that current
flow within the plume is dominantly electrolytic. Once the
relationship between an ionic constituent and conductivity
is established, total mass of the ionic constituent can be
estimated from airborne EM data. Total mass and total
infiltrated volume calculated from geophysical and geo-
chemical data are critical values to be considered when
assessing salinization impact and considering remediation
options.
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