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SUMMARY

Monitoring carbon storage sites using geophysical techniques
is a critical component to the success and safety of storage
programs. Currently, the primary methods of monitoring such
sites are seismic and, to a much lesser extent, electromagnet-
ics using active sources. The cost of such methods, especially
seismic, can be prohibitively expensive . Natural source elec-
tromagnetics, or magnetotellurics (MT), represents a low-cost,
and underutilized method with the potential to aid CO2 moni-
toring efforts. Specifically, the tipper of MT data gives insight
to the dimensionality of the subsurface and is able to detect
the expansion front of a CO2 plume in a saline reservoir. We
analyze the feasibility of using the tipper to monitor two shal-
low CO2 plumes and conclude that the tipper may be a suitable
method for long-term monitoring.

INTRODUCTION

Storing carbon dioxide (CO2) in geologic formations is a way
to reduce CO2 in the atmosphere and mitigate the effects of
climate change. These storage sites need to be monitored to
ensure the integrity of the injection site, but also to satisfy reg-
ulatory requirements of up to 80 years of monitoring post in-
jection (Benson et al., 2005). Geophysics plays an important
role in monitoring efforts, but the cost of repeated surveys can
be unappealing to site operators. Therefore, low-cost geophys-
ical methods such as the electromagnetic (EM) methods have
an opportunity to fill the gap for monitoring. However, there
are few studies that evaluate the feasibility of using EM meth-
ods for monitoring purposes.

The EM method we focus on in this paper is magnetotellurics
(MT), also called natural source electromagnetics. MT uses
natural fields as a source and records the magnetic and elec-
tric fields at the surface. In a typical MT survey, the horizontal
components of the electric field are measured at the surface
using electric dipole receivers, and the horizontal and vertical
components of the magnetic field are measured using direc-
tional magnetometers. Both fields are then combined in the
frequency domain to calculate an impedance tensor (Z), and
the components of the magnetic field are combined to form
the tipper (T ). The impedance and tipper can then be inverted
for a resistivity model of the subsurface.

MT has shown promise in carbon storage scenarios. Ogaya
et al. (2014) and Beka et al. (2017) shows that MT in combi-
nation with other methods, such as time-domain EM and seis-
mic, can create a baseline geoelectric model of the reservoir
pre-injection. Similarly, McLeod et al. (2018) uses multiple
1D MT soundings to recover large-scale resistivity informa-
tion about the subsurface pre-injection. Streich et al. (2010)
performs a modeling study of the electric field component of
controlled-source MT, and shows that resistive post-injection

reservoir structures can be detected by analyzing the vertical
electric field (from a dipole receiver in a borehole). They con-
clude that the horizontal electric fields on the surface are gen-
erally insufficient to image a CO2 plume without additional
information.

There has been a recent interest in installing permanent geo-
physical monitoring sites utilizing EM receivers that only mea-
sure the magnetic field, as opposed to measuring both the elec-
tric and magnetic fields. This focus on magnetics stems from
the installation and maintenance cost of establishing perma-
nent electric field receivers. MT tipper surveys can also be
readily deployed at permanent EM monitoring sites. For in-
stance, consider a CO2 storage site with a permanently in-
stalled time-domain EM transmitter loop and three-component
magnetometer receivers. The main survey at the site may be
the time-domain EM, but because the receivers are permanent
and can record independent of the transmitter, they can mea-
sure the MT magnetic field when a time-domain EM survey
is not being conducted. By only measuring the MT magnetic
field we lose access to the impedance tensor, but retain the tip-
per data. The value of the tipper by itself is rarely discussed
in MT problems, and is often ignored in favor of the infor-
mation gained from the impedance tensor. However, results
from recent work with ZTEM data (Izarra et al., 2011) sug-
gests that tipper data can be used to gain insights about the
subsurface. Surveys that measure the tipper can also be used
in conjunction with other electromagnetic methods to improve
the understanding of the reservoir.

This paper focuses on the information that can be obtained
from using the tipper data in the absence any other data. We
first provide an overview of the information content related to
the tipper, and then analyze modeling examples of using the
tipper in two reservoir scenarios.

MT TIPPER DATA

Let us consider a MT tipper survey. The source term is an elec-
tromagnetic plane-wave of unknown strength transmitted ver-
tically into the subsurface. The source frequencies below 1 Hz
are generated by solar winds interacting with the Earth’s mag-
netic field. Frequencies above 1 Hz are generated by lightning
strikes interacting with the ionosphere. The receivers mea-
sure the three-components of the magnetic field at the surface.
Since the strength of the source signal is unknown, we com-
pute the two components of the tipper (Tzx, Tzy) as a ratio of



the measured magnetic field (H) components,
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where superscripts (x) and (y) denote the polarization of the
field (Vozoff, 1972; Labson et al., 1985). A total tipper can
then be formed by taking the L2-norm of the amplitude of each
component of the tipper

T =
q

T 2
zx +T 2

zy. (3)

The tipper describes a tilt to the magnetic field as the plane
wave interacts with conductivity structures in the subsurface.
A common application of the tipper is a qualitative assessment
of how well the subsurface can be represented by 1D layering.
Due to the vertical plane-wave source, the vertical component
of the magnetic field (and thus the tipper) will be zero for a 1D
subsurface. Therefore the tipper can be used as a measurement
of subsurface dimensionality. While the subsurface is not 1D,
many candidate sites for carbon storage, such as the Aquistore
site (Roach et al., 2014) and the Illinois Basin (McBride et al.,
2020), can be approximated by 1D layering.

(a) (b)

Figure 1: The baseline conductivity model with the extent of
the CO2 plume in both epochs overlaid in the reservoir layer
viewed in (a) cross-sectional view at 0 m Northing and (b) a
depth slice at 800 m.

In the context of a CO2 plume expanding in a layered subsur-
face, both Tzx and Tzy are expected to be zero directly above
the CO2 plume and above the layered background. However,
if measurements are taken above a region where the CO2 con-
tacts the saline reservoir, the tipper will be non-zero. Succes-
sive surveys above this region can then reveal the expansion
front of the CO2 plume as it mixes with and displaces the saline
reservoir.

The depth of investigation of the tipper signal can be approx-
imated from the recorded frequency ( f ) and the skin depth
equation,

d = 503
r

r
f
, (4)

where r is halfspace resistivity. The resistivity and reservoir
depth are site dependent. As an example, a target reservoir
at 800 m depth, where CO2 generally becomes supercritical
in formation (White et al., 2003), and an average halfspace

resistivity of 10 Wm, will primarily require a signal at 2.5 Hz
and below.

To illustrate the feasibility of using tipper data in an injection
setting, we consider two models of CO2 plume evolution. The
first is a circular disk-like model expanding in the reservoir
from the injection point. The second model has a plume that
expands primarily in the north and south, simulating a reser-
voir with geologic constraints limiting the expansion in the east
and west directions.

CIRCULAR PLUME IN A LAYERED SUBSURFACE

The first conductivity model is shown in Figure 1. The model
consists of resistive 1D layering above and below a 200 m thick
conductive saline reservoir starting at 800 m depth. The base-
line model pre-injection represents the reservoir as a conduc-
tive 1D layer. Epochs 1 and 2 represent the 3D reservoir af-
ter injection events and are modeled by a two-phase system:
the conductive saline reservoir being displaced by, and mixing
with, the resistive super-critical CO2 plume. The resistivity of
the CO2 plume in both epochs is modeled as 100 Wm.

(a)

(b)

Figure 2: Normalized amplitude of the secondary magnetic
field for epoch 2 at 1 Hz viewed in (a) cross-sectional view and
(b) a depth slice at 800 m. Black arrows denote field direction
and color denotes field strength.

To conduct the modeling of the MT fields, we separate the
problem into a primary-secondary formulation. The primary



field is from the background model that is equivalent to the 1D
baseline model. The primary magnetic field in the subsurface
is purely horizontal due to the 1D layering of the background
model and MT plane-wave source. The secondary magnetic
field is then the field due to changes from the background
model, such as from the resistive plumes in epochs 1 and 2.

(a)

(b)

Figure 3: 1 Hz total tipper data at the surface receivers during
(a) epoch 1, and (b) epoch 2. The black contour line denotes
the edge of the CO2 plume at 800 m depth.

To visualize the modeled secondary magnetic fields we model
a plane-wave source rotated at 45� from North and compute
the amplitude of each magnetic field component. Using this
source is similar to showing both the magnetic field polariza-
tions, and the total illumination they create. The obtained mag-
netic field has features from both polarizations, and shows how
the inclusion of a resistive body influences the shape of the
magnetic field. The shape of the magnetic field can then be
translated to how the tipper changes over the CO2 plume.

The amplitude of the secondary magnetic field modeled us-
ing epoch 2 at 1 Hz is shown in Figure 2, and the influence
of the CO2 plume can clearly be seen. The magnetic field is
shown to be high at the edges of the plume, and low inside the
plume. This is expected as the horizontal telluric currents in
the subsurface are deflected by the resistive zone, increasing
the current density near the conductivity boundary, and there-
fore increasing the strength of the magnetic field. Since the
layer above the reservoir is more resistive than the layer be-
low, more current diverts into the lower layer to avoid travel-
ing through the resistive plume in the reservoir. At the edges

(a) (b)

Figure 4: The conductivity model with the extent of CO2
plume in both epochs overlaid in the reservoir layer viewed
in (a) cross-sectional view and (b) a depth slice at 800 m.

of plume, the magnetic field is shown to have a significant ver-
tical component, which means that the measured tipper data
will be non-zero near the edge of the plume. Over the middle
section of the plume, the magnetic field is primarily horizontal,
which will result in a zero tipper.

(a)
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Figure 5: Normalized amplitude of the secondary magnetic
field for epoch 2 at 1 Hz viewed in (a) cross-sectional view
at 0 m Easting and (b) a depth slice at 800 m. Black arrows
denote field direction and color denotes field strength.

The total tipper data at the surface for both epochs at 1 Hz is
shown in Figure 3. The total tipper is zero directly above the
center of the injected CO2, and increases in strength towards
the contact with the conductive background, before returning
to zero. The tipper is also able to approximate the edge of
the CO2 plume. Between epochs, the zero region in the center
grows, indicating an expansion to the local 1D structure of the



subsurface. The tipper also increases in size and strength in
epoch 2, indicating stronger vertical magnetic fields resulting
from more currents being deflected by a larger resistive body in
the subsurface. The modeled magnitude of the tipper is similar
to values recorded during ZTEM surveys in Izarra et al. (2011)
and Yang et al. (2019), which gives confidence that a MT tip-
per survey could be used in the presented scenario and recover
meaningful results.

ELONGATED PLUME IN A LAYERED SUBSURFACE

The second model we analyze represents a CO2 plume that ex-
pands primarily in a single direction and develops two uneven
lobes along that expansion path. Cross-sections of the baseline
model and both epochs is shown in Figure 4.

The amplitude of the secondary magnetic field for epoch 2 at 1
Hz is shown in Figure 5. Again, we notice the secondary mag-
netic fields are strongest at the edge of the resistive body, and
are low inside the resistive zone. The fields are shown to be
diverting around the resistive zone. Even though the thickness
of the plume in the easting direction is minimal, the magnetic
field is shown to be diverting around the zone in the depth sec-
tion.

(a)

(b)

Figure 6: Total tipper data measured at the receivers during (a)
epoch 1, and (b) epoch 2. The black contour line denotes the
edge of the CO2 plume at 800 m depth.

The total tipper at the surface in Figure 6 shows that the edges
of the CO2 plume contacting the background produces a strong

tipper response. Due to the plume’s shape being elongated in
the Northing (x̂) direction, the Tzx component of the tipper is
stronger than the Tzy (corresponding to Easting, ŷ). This re-
sults in a stronger total tipper response at the North and South
boundaries of the plume, but the East and West boundaries can
still be discerned from the data.

CONCLUSION

The MT tipper is often ignored in favor of working with the
impedance tensor and apparent resistivity values. When the
tipper is used, it is frequently to identify conductive anoma-
lies in the subsurface as opposed to resistive anomalies. How-
ever, we have shown that the tipper can play a role in the un-
derground carbon storage problem, where it can be used to
delineate the boundary between a resistive plume and a more
conductive saline layer. This is due to the fact that the tipper
is sensitive to non-1D structure in the subsurface. Successive
surveys after multiple injection events can result in a way to
track the CO2 as it expands within the conductive saline layer.
Time-lapse tipper data, as well as combining tipper data with
other geophysical investigations, may also provide a way to
gain further insight into the evolution of the CO2 plume at the
site.
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