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Tomography
, imaging by sections

τόμος tomos, "slice, section"
γράφω graphō, "to write"
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Image: By
Dtrx, CC
BY-SA 3.0 de,
wikimedia
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X-ray
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X-ray energy and the body
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X-ray Computed Tomography — CT or CAT
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Ultrasound
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Ultrasound energy and the body
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Ultrasound — imaging

Imaging with Electricity, Andy Adler, 2016/11/02 9 / 39



MRI — Magnetic Resonance Imaging
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MRI and the body
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MRI — imaging∗
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∗ One way to do it
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Images and the body

Modality Energy Interaction
X–ray High energy light Attenuation

Ultrasound High frequency sound Reflection
MRI Radio waves N. Magnetic Resonance

Electrical Electricity Resistance
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Ohm’s Law

V = IR
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Current flow in tissue — Low Frequency
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Current flow in tissue — High Frequency
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Electrical Impedance Tomography (EIT)

10-day old healthy
baby with EIT
electrodes

Source:
eidors3d.sf.net/data_contrib/if-
neonate-spontaneous
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EIT – electrical stimulation and measurements

I
+

–
V

Imaging with Electricity, Andy Adler, 2016/11/02 18 / 39



Current Propagation

Healthy Adult Male
CT slide at heart

Source:
eidors3d.sf.net/tutorial/netgen/extrusion
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Finite Element Modelling
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Finite Element Modelling

Simulated Voltages Voxel Currents
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Thorax Propagation

CT Slice with
simulated current
streamlines and
voltage
equipotentials
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Changing Conductivity

Heart receives
blood (diastole)
and is more
conductive
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Changing Conductivity
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Application: Breathing

Chest images of tidal breathing in healthy adult
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Application: Heart

EIT Signal in ROI around heart (and ECG)
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Lung Heterogeneity

Source: Kirby et al, Radiology 261.1 (2011): 283–292.
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Mechanical Ventilation and EIT monitor

Source: Swisstom.com
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Acute Respiratory Distress Syndrome (ARDS)
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Blood Pressure via Pulse Transit Time

Source: Sola et al, Med. Biol. Eng. Comput., 2011
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First breath of life

Source: D. Tingay et
al, 2016
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La Soufrière de Guadaloupe
2 N. Lesparre et al.

Figure 1. La Soufrière lava dome seen from North-East. The dashed line
marks the Eastern segment of the electrode line shown in Fig. 2. The small
landslide visible on the picture is located in front of the C2 conductive
region of Fig. 8, and the blue arrows mark two lahars that occurred during
the 1976− 1977 crisis in front of the C3 conductive region (see also Figs
8 and 9). The CS and GT labels respectively point the South Crater and the
Tarissan pit locations (green points in Fig. 2).

Following the 1976− 1977 crisis, both the volcanic and
seismic activities reduced gradually until 1992 when a no-
ticeable increase in shallow low-energy seismicity and in
the flux of summit fumarolic activity was observed (Ko-
morowski et al., 2005). One possible interpretation of this
event is attributed to a reorganization of the fluid circula-
tion pattern inside the lava dome as a response to progressive
sealing of the hitherto active flow-paths. Both the intense hy-
drothermal activity and the heavy rains (≈ 5 m/year) sup-
plying the hydrothermal shallow reservoirs favour fluid min-
eralization by magmatic gas and the formation of clayey ma-
terial that progressively fills and blocks open fractures in the
edifice decreasing its macro permeability (Zlotnicki et al.,
1994; Villemant et al., 2005; Salaün et al., 2011). The result-
ing sealing causes fluid confinement and over-pressurization
that eventually leads to the opening of new flow paths inside
the edifice (Salaün et al., 2011). Another possibility is that
this seismic and fumarolic reactivation characterized with a
new pulse of marked chlorine degassing reflects injections
of magmatic fluids and heat from the magmatic reservoir to
some shallower level in the hydrothermal system below the
summit (Fournier, 2006).

The past eruptive history of La Soufrière indicates that
somewhat different scenarios have to be considered for
the future, depending on the nature of the event: collapse,
phreatic eruption, magma ascent (Komorowski et al., 2008).
The evaluation of hazards for each scenario depends on both
the impact and the likelihood of each type of event, and some
of them suggest important societal impacts in case of re-
newed activity. For this reason, multi-parameter monitoring
is conducted by the local volcano observatory (IPGP/OVSG).
Permanent networks monitor seismicity and ground defor-
mation. Thermal springs and fumaroles are also sampled
and analysed on a fortnightly base (Villemant et al., 2005).
Beside these routine measurements, it is important to per-
form complementary geophysical studies to obtain an ever
more precise view of the inner structure of the volcano and
derive models necessary to better understand the monitor-
ing data. Knowledge of the inner structure is necessary to
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Figure 2. Map of the location of the main structures, historical eruptive
vents, and sites of currently observed fumarolic activity on La Soufrière
lava dome (Komorowski, 2008). The area corresponding to the lava dome
is represented in light grey. The positions of the electrodes used in this study
are indicated by green stars; see Fig. 4 for electrical current patterns. The
sites of telescopes deployed for muon radiography (Fig. 3) are indicated
by the yellow and orange stars. The telescopes’ line of sight and angular
aperture are also indicated.

set reliable initial conditions to flank destabilization models
(Le Friant et al., 2006) and to estimate the amount of fluid
contained in shallow hydrothermal reservoirs that may sup-
ply thermal and explosive energy in case of phreatic explo-
sion and provoke lahars as observed during the 1976− 1977
crisis.

Over the last decade, La Soufrière of Guadeloupe has
been subject to several geophysical imaging experiments in-
cluding self-potential mapping (Zlotnicki et al., 1994), elec-
trical resistivity (Nicollin et al., 2006), very low frequency
survey (Zlotnicki et al., 2006). Such methods were partic-
ularly sensitive to the presence of fluids circulating in the
volcano hydrothermal system. The self-potential study ev-
idenced the structural heterogeneity of La Soufrière lava
dome and the circulation of fluids (Zlotnicki et al., 1994).
Negative anomalies present on the northern part of the dome
emphasized the presence of vertical conduits where meteoric
fluids circulated mostly downward (Zlotnicki et al., 1994).
A smooth positive anomaly enclosed the dome (except on
the north-western part) and underlined the crater Amic wall
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Table 1. Description of the measuring electrodes configuration for each pair
of stimulating electrodes.

Current Main Profile Mean distance Number of
electrode cable length (m) between V V electrodes

pair location measurements electrodes (m) dipoles

1 SE 851 29 29
2 SE 851 29 29
3 SE 836 56 15
4 SE 841 30 28
5 SE 784 56 14
6 SE 754 54 14
7 N 788 39 20
8 N 850 28 30
9 N 842 28 30
10 W 849 39 21
11 W 733 61 12
12 W 854 33 26
13 W 831 28 30

for current electrode positions C−k , C+
k and Vk is the voltage

measured between electrodes P−k , P+
k . The current was au-

tomatically adjusted between 20 and 100 mA to ensure good
signal-to-noise ratio. More details concerning the measure-
ment procedure are given by Nicollin et al. (2006), and a
discussion about the assessment of the data quality may be
found in Nicollin et al. (2007). The noise presents in the data
is mainly multiplicative with an estimated signal-to-noise ra-
tio of about 90%.

Since the distance between the potential electrodes may
greatly vary from one n-tuple to another, Vk spans several
orders of magnitude. Consequently, a normalisation is per-
formed by converting the {Ik, Vk} pairs into apparent resis-
tivity ρapp,k = βkVk/Ik (Fig. 6) where the geometrical fac-
tor βk is computed with a 3D model of the volcano (Fig. 5)
(Lesparre et al., 2013). The resulting apparent resistivities

Altitude (m)
1000 1100 1200 1300 1400

Figure 5. Finite element model used to compute the forward problem. x and
y coordinates are oriented positively eastward and northward respectively.
The orange vertical column (A) is obtained through a vertical extrusion of
the elements (A) in Fig. 7. The blue elements (B) located in the exterior
domain of the cross-section are obtained through a combination of vertical
extrusion and a nearest neighbour extrapolation of elements B in Fig. 7.
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Figure 6. Apparent resistivity acquired from the different electrode pro-
files surrounding the dome. Colours correspond to the configuration number
given in Fig. 4 and table 1.

vary between 12 and 1360 Ω.m. These values agree with
the pseudo-sections obtained by Nicollin et al. (2006) where
the apparent resistivites are mainly comprised in the 10 and
2000 Ω.m range. Apparent resistivities up to 10, 000 Ω.m
are reported by these authors for several shallow areas where
massive andesitic rock and cavities are present. Because of
the particular electrode set-up used in the present study,
these shallow high-resistivity regions are not expected to sig-
nificantly influence our data which are aimed to mainly sam-
ple the innermost parts of the lava dome. Discrepancies be-
tween the apparent resistivites derived in the present study
and those obtained by Nicollin et al. (2006) may also be
partly explained by the fact that these authors used a flat ge-
ometry to compute their geometrical factors instead of a full
3D model like in the present study (Fig. 5).

2.2 SERT inversion

The limited amount of data available is not suitable to per-
form a full 3D reconstruction of the conductivity structure
inside the volcano and, in the present study, we perform
a slice tomography to reconstruct the conductivity distri-
bution in a cross-section limited by the ring of electrodes
(Fig. 7). This approach is similar to the slice impedance to-
mography of the human thorax (Adler et al., 2012) where the
lung cavities provoke high contrasts of electrical conductiv-

Source: N. Lesparre et al, Geophys J Int, 2014
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values for αi in order to estimate the corresponding val-
ues of log %̃i+1:

log %̃i+1 = f(ςi + αiδi); (6)

7) Residuals log% − log %̃i corresponding to the different
values of αi are compared to estimate the appropriate
value for αi, which retained value is the one correspond-
ing to the minimum value of the second order polynomial
fitting the trial points with a new distribution for ς .

8) If convergence is not achieved, return to step 1.

The starting model of the inversion is initialized with a
resistivity of 106 Ω.m which corresponds to the average
of the measured apparent resistivities. The first iteration
is done with 13 trial values for α, varying between 0.2
and 0.5. For next iterations, the trial values correspond to
1
2α

i−1 ; αi−1 ; 2αi−1, where αi−1 represent the step length
used at the previous iteration. This procedure efficiently re-
duces the number of the forward model computations which
is the most time-consuming part of the inversion (Marescot
et al., 2008). In practice, ten iterations are performed and
the convergence is mainly obtained during the first two iter-
ations.

2.3 Results

The resistivity cross-section σ2d obtained from the SERT in-
version of the data set shown in Fig. 6 is displayed in Fig. 8.
Resistivity values span a range of 2 orders of magnitude,
from 10 to 1000 Ω.m. The L-curve cut off used to obtain the
results of Fig. 8 corresponds to a residual-to-roughness ratio
λ = 0.0077, and the global root mean square error is about
20%.

The cross-section model of conductivity used in the in-
version constitute an important simplification and only the
main structures labelled R1 and C1 to C6 in the reconstructed
cross-section shown in Fig. 8 are discussed hereafter. These
structures remain stable during a sequence of independent
inversions performed with different values of the control pa-
rameters (i.e. number of iterations, cut-off λ in the L-curve,
meshing,...). These tests show that several structures located
near the boundary of the cross-section may significantly vary
both in size and conductivity contrast from one inversion to
another. Such variations are typical of poorly resolved do-
mains where non-uniqueness may produce the appearance of
small-scale structures with opposite conductivity contrasts
(i.e. one conductive and one resistive) nearby stable large-
scale structures. This is for instance the case of the two re-
sistive anomalies located on the western and southern sides
of the R1 resistive structure (Fig. 8; Yasin et al., (2011)).

3 INTERPRETATION OF MAIN STRUCTURES

3.1 Resistive ridge R1

Structure R1 is the only major resistive structure of the
cross-section with an average resistivity of ≈ 400 Ω.m.
The most resistive part of R1 is localized beneath the south
western side of the lava dome and its northern end coin-
cides with a series of promontories visible on the summit
plateau, the most prominent being the Dolomieu peak lo-
cated near the northern end of R1 (PD on Fig. 9). The R1
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Figure 8. Electrical resistivity cross-section σ2d obtained from the SERT

inversion of the data set shown in Fig. 6. The black stars represent the elec-
trode positions. The green circles correspond to acid ponds and triangles
correspond to summits on the plateau at the top of La Soufrière. The high-
est summit La Découverte (1, 467 m) is marked with a red triangle.

structure is located beneath the 1D resistivity soundings L,
M, O and P of Nicollin et al. (2006) who give a resistiv-
ity range of 230 − 500 Ω.m for the basement of their 1D
models. VLF soundings performed above the northern part
of R1 by Zlotnicki et al. (2006) give a resistivity range of
90− 250 Ω.m. The agreement between the resistivity found
for the R1 structure and those derived from geo-electrical
soundings performed on the top part of the dome indicate
that R1 corresponds to the root of a resistive body that ver-
tically extends up to the summit of the lava dome. This a
posteriori validates the vertically extruded resistivity model
used in the present study.

The R1 structure also coincides with the dense region
RS3 visible on the western side of the East-West muon ra-
diography shown in the top part of Fig. 3. Both the high re-
sistivity and density are typical of a massive lava body, and
this agrees with the fact that the peaks visible at the summit
are likely to be the top parts of extruded vertical lava spines.
The southern half of R1 is curved eastward and may be asso-
ciated with the deep part of a bulge located on the southern
flank of the lava dome.

The R1 ridge seems to constitute an efficient barrier that
prevents hydrothermal fluids to flow on the West side of the
lava dome. This may explain the absence of any activity dur-
ing the successive phreatic crises that punctuated the erup-
tive history of the volcano. However, the chemical tracing
performed by Bigot et al. (1994) sustains the existence of
an hydraulic pathway below the R1 structure and linking the
Tarissan pit (GT on Fig. 9) to the Bains Jaunes hot springs
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Excavation tunnels for Evaluation of Nuclear Waste
Storage Monitoring the EDZ with resistivity images 975

Figure 4. Mechanisms of breakouts formation after the microtunnel excavation due to strength and stress anisotropy, from Marschall et al. (2006).

respectively, located in the north and south side walls of GA04 at a
distance of about 1 m from ring 1 (Fig. 3). Other measurements were
made in 2005 March, 2006 April, 2007 September and 2008 April
to monitor long timescale variations of the rock electrical resistivity

around the gallery. Four boreholes were also drilled in the last part
of the experiment and equipped with electrodes.

The eight data sets analysed in this study were acquired by using
the same procedure: an electrical current of 100 mA is injected in
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Excavation tunnels for Evaluation of Nuclear Waste
Storage

Monitoring the EDZ with resistivity images 977

Figure 7. Evolution of the average resistivity with time during the process of gallery 04 excavation from 2004 July to 2008 April. North is on the right side.

the gallery and a fine meshing is used in the vicinity of the rings
of electrodes. The limited amount of data available would make
a full 3-D inversion of the conductivity distribution hugely under-
determined. Consequently, we reconstruct three 2-D conductivity
structures, in the planes of the electrodes rings, interpolated along
the axis of the gallery segment as described in the Appendix A.
The resistivity tomograms present the electrical resistivity averaged
over the three rings for all measurement periods (Fig. 7). The data
are inverted through an iterative linearized procedure detailed in
Appendix A.

4.2 Global resistivity structure

The resistivity tomograms possess a common global structure with
two resistive anomalies located on opposite sides of the gallery
(Fig. 7). A first persistent resistive anomaly (PRA1) is located in
the 9hr–12hr sector and another one (PRA2) in the 3hr–5hr sector
(see Fig. 8 for clock-like positioning). These two resistive structures
have a size of about 2 m along the circumference of the gallery and
a depth of 1.5 m.

The pattern depicted by the resistivity tomograms is identical
to the breakout structure observed in the microtunnel (Fig. 4) and
coherent with the high-resolution geological mapping performed
during GA04 excavation (Gibert et al. 2006, Fig. 9). In particular,
the bedding and the tectonic fault planes near the rings present a
similar orientation with respect to the excavations in GA04 start
niche and in the microtunnel (Fig. 4). The two resistive anomalies
PRA1 and PRA2 may safely be attributed to the presence of highly
damaged clay. The resistivity values in these areas are comprised
between 20 and 100 � m in full accordance with Kruschwitz &
Yaramanci (2004) who found resistivities between 16 and 60 � m
in the damaged zones.

The resistivity at depths >2 m appears almost homogeneous with
moderate variations from one period to another. The average resis-
tivity is 11.8 � m for a standard deviation of 1.6 � m. This value
falls near the constant background resistivity of 11 � m fixed at
depths larger than 6 m in the forward modelling and estimated

Figure 8. Parametrization of the inverse problem. From the gallery wall,
concentric layers are created and divided into sectors which size increases as
they are located far from the gallery walls. The stars represent the electrodes
positions and the numbers correspond to the position of the clock hours
used later for the images description and interpretation. Coloured sectors
correspond to curves (Fig. 11).

from boreholes measurements. Such resistivity values are in full
agreement with those (8 and 16 � m) obtained by Kruschwitz &
Yaramanci (2004) for the undisturbed Mont Terri Opalinus Clay.
Consequently, the resistivity inverted for depth beyond 2 m does
not significantly differ from resistivity of undisturbed clay. A low
persistent resistivity value of about 8 � m is found in the floor
zone (5hr–7hr) and probably corresponds to a region of fully satu-
rated rock not solicited by EDZ formation (Fig. 7; Kruschwitz &
Yaramanci 2004). The fractures observed on the cores correspond
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Thank you

Ingenious Talk: “Imaging with Electricity"

Wednesday, November 2, 2016
Speaker: Andy Adler

Summary: Technologies which see inside bodies from the outside (using
X-rays, ultrasound, MRI) have revolutionized medicine and many other
industries. One of the earliest ideas was to create these images with applied
electrical currents. Recently improved computer algorithms have created new
possibilities for electrical impedance imaging. In this talk, we will look at the
kinds of images one can make with this technology, from measuring heart
pressure to fluid flows inside active volcanoes.
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