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Time-Domain Electromagnetic Soundings to Characterize
Water Quality Within a Freshwater/Saline-Water
Transition Zone, Estancia Valley, New Mexico,

July 2005—A Reconnaissance Study

During July 2005, the U.S. Geological Survey, in coop-
eration with the New Mexico Bureau of Geology and Mineral
Resources, conducted a reconnaissance study in the Estancia
Valley in central New Mexico (fig. 1) to characterize water
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Figure 1. Study area of the Estancia Valley,
New Mexico.
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quality using time-domain electromagnetic
(TDEM) surface-geophysical soundings.
TDEM sounding (Fitterman and Labson,
2005) is one of a number of surface-
geophysical methods that provide a
relatively quick and inexpensive means

to characterize subsurface geologic and
hydrogeologic properties. TDEM surface-
geophysical methods can be used to detect
variations in the electrical resistivity of the
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to depths of about 80 meters. This report briefly describes the
hydrogeologic setting, how TDEM soundings work, the meth-
ods of data acquisition and processing, inversion modeling,
and modeling interpretation and findings. The interpretation
involves characterizing water quality on the basis of geologic
characteristics and resistivities.

Hydrogeologic Setting

The study area encompasses about 525 square kilometers
in the Estancia Valley in central New Mexico. Altitudes in the
study area range from about 2,300 meters along the western
edge of the area to about 1,900 meters along the north-south
central axis of the study area, where a series of playas are
incised into the valley floor (Bachhuber, 1982).

The study area is composed of deformed Paleozoic and
Mesozoic rocks overlain by Cenozoic (Quaternary) sediment
(Smith, 1957; Hawley and Hernandez, 2003). Figure 3 shows
a conceptual geologic section along the TDEM profile.
Paleozoic- and Mesozoic-age strata generally dip eastward
(except for a trough centered at about 9,000 meters from the
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Figure 2. Time-domain electromagnetic (TDEM) sounding sites, July 2005, and lines of
equal specific conductance, fall 1957, Estancia Valley study area, New Mexico.
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Figure 3. Conceptual model of subsurface geology and time-domain electromagnetic (TDEM) sounding locations, Estancia Valley study area,

New Mexico.

west end of the section), and Quaternary sediment overlies
progressively younger strata from west to east. The early
Pennsylvanian-age Sandia Formation is overlain by the middle-
to-late Pennsylvanian-age Madera Limestone. The Madera
Limestone is capable of producing large quantities of freshwa-
ter (specific conductance less than about 1,700 microsiemens
per centimeter at 25 degrees Celsius [uS/cm]) (Hawley and
Hernandez, 2003). Overlying the Madera Limestone are the
Permian-age Abo and Yeso Formations and Glorieta Sand-
stone. The Yeso Formation and Glorieta Sandstone can contain
slightly to moderately saline water (specific conductance
about 1,700 to 5,000 pS/cm) (Smith, 1957). The Permian-age
San Andres Limestone and Triassic-age Chinle Formation
unconformably overlie the Glorieta Sandstone. The erosional
surface of the Paleozoic and Mesozoic strata forms an angular
unconformity that is overlain by Quaternary valley fill deposits,
which thin from west to east, and lake deposits along the east-
ern margin of the study area. The valley fill and lake deposits
contain freshwater to slightly saline water. Faults and fractures
characterize the subsurface, particularly the Madera Limestone,
Yeso Formation, and Glorieta Sandstone (Smith, 1957).

Average rainfall in the area is about 32 centimeters per
year. Because the Estancia Valley is a topographically closed
basin, the principal means of discharge for precipitation that
falls within the basin is evapotranspiration.

The dissolved mineral content of ground water in the val-
ley fill deposits increases from west to east (Smith, 1957). In
the western part of the study area, the water quality generally is

satisfactory for irrigation, stock, and domestic and community
water supply. To the east, water quality rapidly deteriorates
and generally is unsatisfactory for irrigation or human con-
sumption, although it is still used for watering livestock. The
historical lateral transition between freshwater and slightly
saline water along the profile in the valley fill deposits (fig. 2)
is relatively sharp, occurring over a distance of less than about
2 kilometers.

How Time-Domain Electromagnetic Soundings Work

Electromagnetic measurements are made by transmit-
ting an alternating current into a square loop of insulated
wire deployed on the land surface. The current consists of
equal periods of time-on and time-off base frequencies (North
Carolina Division of Water Resources, 2004) that produce a
primary electromagnetic field in the immediate vicinity of the
wire loop. Termination of the current flow is not instantaneous,
but occurs over a period of a few microseconds, known as the
ramp time, during which the magnetic field is time-variant.
The time-variant nature of the primary electromagnetic field
creates a secondary electromagnetic field in the ground beneath
the loop. This secondary field immediately begins to decay,
in the process generating additional eddy currents (fig. 4) that
propagate downward and outward into the subsurface like a
series of smoke rings. The secondary currents are measured
by a receiver located in the center of the transmitter loop only
during the time-off period. The depth of investigation depends



on the time interval after shutoff
of the current, because at later
times, the receiver is sensing
eddy currents at progres-

sively greater depths. The
intensity of the eddy
currents at specific
times and depths is
determined by the
combined conductiv-
ity of the subsurface
rock and fluid (Stew-
art and Gay, 1986).

Protem-47 transmitter

Transmitter loop

Data Acquisition

Seven sounding
sites were selected to pro-
vide a uniform distribution
of data to determine variations
in electrical properties across the
study area. A Geonics Protem-47
system (fig. 5SA) using a 60- by
60-meter square transmitter loop
(Tx) was used to collect the TDEM
soundings (Geonics Ltd., 2005).

Figure 5. Time-domain electromagnetic sounding equipment
used in the Estancia Valley study area, New Mexico: (A) Protem-47
system, (B) transmitter loop, and (C) Protem-47 transmitter.
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Figure 4. Diagram showing time-domain electromagnetic sounding
layout and operation (modified from North Carolina Division of Water
Resources, 2004).

A 1-meter-diameter multi-turn loop receiver
(Rx) with a 31.4-square-meter area mea-
sured magnetic fields at the center
of the transmitter loop (fig. 5B).
The Protem-47 Tx transmitter
(fig. 5C) used an injec-
tion current ranging from
2.3 to 3.5 amps for the
various soundings. Three
frequencies were used to
collect voltage data, with
preset base frequencies of
315 hertz [ultra-high], 75
hertz [very-high], and 30
hertz [high] configured in
the Protem TDEM unit.
The Rx unit samples signal
amplitudes in 20 subinter-
vals (gates) during each
measuring step, averaging
the signal amplitudes in
each gate over a specified
number of duty cycles
(eight in this application).
The 20 gate widths are dis-
tributed exponentially over
a measuring interval in each step of 0.8 millisecond (ultra-high
range), 3.0 millisecond (very-high range), and 8.0 millisecond
(high range). The Rx was set to collect three measurements of
voltage for each base frequency.

Data Processing

For each sounding, the voltage data were averaged and
evaluated statistically using NTEMAVG v. 3.04, a computer
program written by David V. Fitterman (U.S. Geological Sur-
vey, written commun., 2006). Using this program, the raw field
data (voltage data) were first averaged to reduce error; then the
averaged data were used to estimate uncertainty by calculating
the standard deviation of the voltage; and finally, the apparent
resistivity of each gate for each frequency was calculated. Volt-
ages that yielded a standard deviation greater than about 3 per-
cent were not used, which eliminated data from later-time gates
that yielded the highest noise. Figure 6 illustrates the percentage
standard deviation of the average voltages from the ultra-high-,
very-high-, and high-frequency data. The ultra-high-frequency
data yielded the lowest standard deviation through all 20 gates.
In the very-high-frequency data, standard deviations increased
sharply after the 14th gate, whereas in the high-frequency data,
standard deviations increased sharply after the sixth gate. The
amplitude of the recorded voltage decayed below electromag-
netic noise level at lower (very-high and high) frequencies
because the power of the Tx did not induce a large enough
magnetic field to be measured accurately during later times.

Inverse Modeling

IX1D, a program developed by Interpex Ltd. (2006), was
used to visually analyze the apparent resistivity data calculated
by NTEMAVG. The apparent resistivity data were plotted
as a function of time on a log scale. Data points that deviated



severely (a judgment decision) from the curve were deleted
before inverse modeling. Inverse modeling, using the smooth
modeling technique based on Occam’s inversion principle
(Constable and others, 1987), was used to estimate the geo-
logic or hydrogeologic structure for each sounding along the
profile. The IX1D defaults were used for all smooth-modeling
parameters except the number of modeling units, which was set
to 30 with the first layer of units starting at 1 meter. A mul-
tiple-iteration, smooth-model inversion was computed until the
root-mean-square error reached an acceptable limit of about 5
percent or less. The smooth-model inversion technique mini-
mizes model roughness subject to the constraint that the model
fits the data to a desired tolerance (Interpex Ltd., 2006).
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Modeling Interpretation and Findings

The smooth-model inversion results of each sounding
collected in the study area produced models at each sounding
site with similar resistor, conductor, and resistor resistivity
structure. To depict the spatial changes in resistivity based on
the smooth-model inversion results, a two-dimensional profile
of the TDEM soundings with superimposed faults (Hawley and
Hernandez, 2003) was created (fig. 7).

The principal finding of this study is the potential relation
between faulting and the occurrence of freshwater and slightly
saline water, based on the configuration of resistivity along
the TDEM profile. A low-resistivity zone along the profile
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Figure 6. Percentage standard deviation of the average voltages of the
ultra-high-, very-high-, and high-frequency data collected from time-domain
electromagnetic soundings, Estancia Valley study area, New Mexico.
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Figure 7. Two-dimensional section showing resistivity distribution based on the smooth-model inversion results with superimposed faults,

Estancia Valley study area, New Mexico.

(resistivity ranging from greater than O to 10 ohm-meters)
occurs between sites EVT10 and EVT20. The western part of
this low-resistivity zone extends to the base of the profile. The
occurrence of this zone cannot be interpreted on the basis of
known geologic characteristics. Another low-resistivity zone is
indicated near EVT40 below an altitude of about 1,865 meters
above NAVD 88. Faults near EVT40 could provide preferen-
tial flow paths for upward movement of slightly saline water
from the Yeso Formation and Glorieta Sandstone, which could
account for the relatively low subsurface resistivities. A sharp

conductive/resistive boundary (interface) from greater than O to
50 ohm-meters appears at EVT25 and marks the beginning of a
high-resistivity, near-surface zone that extends laterally through
EVT40. Faults near EVT30 could provide preferential flow
paths for upward movement of freshwater from the Madera
Limestone, which could account for the high resistivities in that
zone.

To adequately define the relations between subsurface
resistivity measured by TDEM methods and spatial changes in
water quality, additional water-quality, geology, and bore-
hole-geophysical data are needed. The low-resistivity zones at
the base of the profile beneath EVT10 and EVT40 might be
defined less accurately than they could have been had a more
powerful transmitter been used, probably in conjunction with a
loop size larger than 60 by 60 meters.

—Sachin D. Shah', Wade H. Kress', and Lewis A. Land?

' U.S. Geological Survey.

2 New Mexico Bureau of Geology and Mineral Resources.
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