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Magnetotellurics (MT) is a geophysical method that investigates the relationships among
the different components of the natural electromagnetic field related to the geoelectric
structure of the subsurface. Data can be contaminated by anthropic noise sources and
suffer from transient noise to signal variations. Since the 80s, robust processing methods
have been introduced to minimize the impact of noise on sounding quality. This paper
presents Razorback, an open source Python library, implemented to handle, manipulate,
and combine time series of synchronous data. This modular library allows users to plug
in data prefilters and includes both M-estimator and bounded influence techniques, as
well as a two-stage multiple remote reference. Validation of this library is performed on
a real data set by comparing the results with those of an existing code. In contrast to
standalone codes, the developed library allows for the design of complex and specific
processing procedures. As examples, Razorback is used to perform (i) continuous time
lapse processing and (i) processing of one site in a peri-urban context. In the latter
case, we have tested all possible combinations of remote reference stations in an MT
array. Our phase tensor analysis shows that the bounded influence outperforms the M-
estimator in reducing the impacts of man-made electromagnetic noise on magnetotelluric
soundings. The Razorback library is available at https://github.com/BRGM/razorback.
Jupyter notebooks for data handling and MT robust processing are available at https://
github.com/BRGM/razorback/blob/doc/docs/source/tutorials/.

Keywords: magnetotellurics, time-series analysis, Fourier analysis, robust methods, Python, M-estimator,
bounded influence, remote reference

1. INTRODUCTION

The magnetotelluric (MT) method studies the relationships in the frequency domain among
components of the natural electromagnetic (EM) field (Vozoff, 1972). MT fields are generated
(i) by external geomagnetic sources (ionospheric currents) at frequencies under 1 Hz and (ii) by
atmospheric lightnings propagating through the earth-ionosphere waveguide at frequencies above
1 Hz. Recorded at the ground surface, MT fields are supposed to be plane waves. As stated by Ward
(1967), noise in EM fields can be either instrumental noise, “geological” noise or disturbance field
EM noise. The latter is caused by fluctuations of the natural sources (mainly related to solar activity
above 1 Hz) and artificial/man-made sources. In urban and industrialized areas, man-made EM
sources contaminate MT fields and cause divergence from the plane wave model.
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FIGURE 6 | Map of the MT stations deployed on the western side of Strasbourg. Black dots: complete station set. Red crosses: “local” station inserted in the
Si gnal Set object. Green lines: major geological faults. Red line: seismic profile. Yellow area: geothermal plant area.

longer axis ®,,,, normalized to 1, is displayed for all frequencies
and RR combinations. Ellipses are filled with a color bar indexed
either on their ellipticity value (left panel in Figure 8) or their 8
angle (right panel, same figure).

Comparing upper and lower part of Figure 8 highlights
the superiority of BI processing in the [0.2-2 Hz] band. In
this band, the M-estimator leads to high ellipticity values,
which would be associated with a 3D medium. In contrast,
the BI results indicate a 1D medium with low ellipticity
values. In addition, the BI PT curves exhibit smoother
frequency variations.

An important observation can be made from the M-
estimator results: the combination of a maximum of RR
leads to discontinuous PT behavior. Smoother behavior is
obtained for combinations of sites 02, 99 and 100. When
sites 06 and 09 are added as RRs, discontinuous PTs are
observed. This can have a high impact for any MT operator
working on a peri-urban context and using ME two-stage

processing: introducing additional noisy RR can degrade the
sounding quality.

However, ME MT soundings associated with a selection of
PT curves (RRs 99, 100, 99+100, 6+99+100, 6+9+99+100, and
2+6+9+99+100) are shown in Figure 9, upper part. The selected
results are scattered, and phase and apparent resistivity artifacts
still persist in the [0.02-1 Hz] band. Similarly, the BI soundings
associated with the same combinations of RRs in Figure 9, lower
part. Since 4 remotes are used, the MT soundings are similar.
However, both phases ¢y, and ¢y, show sharp variations in
the [0.5-1 Hz] band that can be attributed to persistent noise
contamination of the data. Multiple RR two-stage BI processing
helps reduce noise contamination of the dataset but cannot
eliminate it in this case.

A jupyter notebook dedicated to the robust processing
and handling of this data set is provided by the authors
and available at https://github.com/BRGM/razorback/blob/doc/
docs/source/tutorials/survey-study.ipynb.
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FIGURE 7 | Upper section: M-estimator results. SITE 04 with local RRs 2, 6, and 9 and distant RRs Welschbruch (RR100) and Schwabwiller (R99). No error bars. TF
estimates for all possible combinations of RR stations. Apparent resistivity curves py, (top left) and py (top right) and phases ¢y, (bottom left) and ¢, (bottom right) are
shown in dots, with a color code corresponding to the associated combination of RR stations(the associated legend is displayed on the center). Lower section:
bounded Influence results. Same legend as above.

Frontiers in Earth Science | www.frontiersin.org 13 September 2020 | Volume 8 | Article 296


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Smai and Wawrzyniak

Razorback, an Open Source Python Library

frequency (Hz)

Ellipticity 0 <A <1

0.2 0.4 0.6 0.8
2+6+9+N+S o0 A3 WX pot s
2+6+N+S OO Se8S [ 3 /7 s
el |4 W f S
o 6+9+N+S 58] W98 l 5 i pos s s
2+6+9+S 2 ’ -
§ 3 ST
+N+ D -, /
2 94+N+S 3 | V4
S Szﬂéa-g E / /77 7
+6+ ® / s
£ 6+9+N S | l 11/ 7 P
S i Ry o 2227
8 2+9+N WS g ; ; 7
< %
3 ~
[ N
‘s / %
[ | 7
[] =
-
o -
£ %
]
[
7
s
rd
F
1073

frequency (Hz)

Ellipticity 0 <A <1

0.2 0.4 0.6 0.8

M-ESTIMATOR
gl T = | um ) ==
+6+N+ +6+N+S 4 -, -
2+6+9+N 00 N\ ) \ 1/ 7/ -~ 2+6+9+N O8N\ | ] IN—worrsfwrrr ~~
2+9+N+S 4 \ 17/ 7/ v 2+9+N+S - S8\ \ | 1IN~ @Pr s s /v s /e
o 6+9+N+S 00 v\ ) 1/ S s 6+9+N+S - O8N\ || 1IN wrrs /s srer
S v $448 S22 Josios Recicd sl WA
- 24+N+S OO ® / Vors 24N+ | S8\ VNI /707 7rssrs =
c 94N+S 0 N | /7 Vors 9+N+S 8N\ || INSosrs/orsr -
3 6+N+S [619) % \\ \ | ® VTPl 6+N+S | S8\ \ | # Nwrrs) /s s e
E e N fioz, el sy ot =
o 6+9+S eL ) (17 VPO 6+9+S - S8\ ) | | INows s fos frwre=
o 2+49+S A\ ) \ 1/ 7 - 249+ 4 OSSN\ ) | | /N—Prr s fworsrr =
[ 249+N A \ 1 7/ - 2+9+N W8N\ ) | | IN—wrs s f s
g 246+9 ) AL \ l‘ ; 2+6+9 1 .\::{{ L/(\\;’/;;'//II/—
2+N s 2+N 4 ~S S S S S s
(4 245 )¢ 90 - Vrrse s P 8NN\ IONSA S /7)) P s s e s
Q N+S —. 7 7 N+S 4 L)) ) T -
- 9+S ® N Ll Vorprrr 9+5 SN\ ) | [ INSPr s f s f s s
9 9+N W\ | ) Vs g 9+N 4 QNN A
< 2+6 00 SN\ Vil v 2+6 | O8N\ | 1ONSwor s s orsmr——
() 6+S *n i\ \ | /@ W D et 6+5 Q8N\\ ) | 1 ONSors ) f>s f wrr=
° 6+N OO \\ ) \ | /® Y 6+N QSN ) |1 oNSPrs ) ) os s rr e
£ 6+9 A\ \ ) - 6+9 - ® SN\ ||| oNworssorsrorry
s S < AN 111X7=202z2027 %
* 2 U B AT plgese =
N — s / N A A
s \ l. 7z s/ S 4 ® o‘ .,\.’II////O//I//I'
504, 517 - 504 NN\ W\ [ /oS wwrrrorsrrres
10 10° 1071 102 1073 10* 10° 1071 1072 1073

BOUNDED INFLUENCE

FIGURE 8 | Upper section: M-estimator results. Site 4 with local RRs 2, 6, and 9 and distant RRs Welschbruch (rr100) and Schwabwiller (rr99). Left: normalized
phase tensor for all combinations of RR as a function frequency filled with their ellipticity A value (1D indicator). Right: normalized phase tensors filled with g angle (2D
indicator) value; the color bar is limited to [-10° 10°] range. Lower section: bounded influence results. Same legend as above.
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5.2. Time-Lapse Magnetotellurics
The library also allows performing continuous time-lapse
processing. In Wawrzyniak et al. (2017), time-lapse MT estimates
were computed using bounded influence robust processing in
both single site and RR configurations in the framework of
volcano monitoring. The time resolution between consecutive
estimates is of 48 h.

The dataset is the same as in section 4. Horizontal components
of the electric and magnetic fields were sampled every 20 s.
Continuous time series were available from 1996 to 1999 at CSV
and from 1997 to March 20, 1998, at BAV. In March 1998, a

major eruption occurred and lasted for 6 months, during which
60 10® m3 of lava was expelled.

RR (not shown here) and single site processing at a
period of 80 s show apparent resistivity determinant variations
synchronous with the eruption (Figure10). At CSV, the
resistivity shows a continuous two order of magnitude decrease,
reaching several local minima until April, and then slowly
recovers its pre-eruptive values when the volcanic crisis reduced
in activity. BAV shows a short one and a half order of magnitude
decrease at the beginning of the eruptive crisis. Further data
analyses are provided in Wawrzyniak et al. (2017).
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FIGURE 9 | Upper section: selected M-estimator results. SITE 04 with local RRs 2, 6, and 9 and distant RRs Welschbruch (RR100) and Schwabwiller (R99). No error
bars. TF estimates for a selection of combinations of RR stations. Apparent resistivity curves py, (top left) and pyx (top right) and phases ¢, (bottom left) and ¢y
(bottom right) are shown in dots, with a color code corresponding to the associated combination of RR stations(the associated legend is displayed on the center).
Lower section: selected Bounded Influence results. Same legend as above.

6. CONCLUSIONS validation of TF estimates by comparison with existing codes,

two kinds of study have been performed. First, we explored
This paper shows the advantages of using a modular library for  combinations of RRs for different robust procedures. This results
robust processing of MT array data. Razorback is designed to  jn a large amount of estimates of one TF. The phase tensor
handle and process the large datasets commonly encountered in analysis is used to compare the quality of the estimates. Moreover,
MT exploration surveys, with minimal memory footprint. After  the ability of the different robust methods to reduce the impact of
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FIGURE 10 | Time-Lapse bounded influence processing, in single site configuration, from Wawrzyniak et al. (2017). From top to bottom: resistivity of the determinant
of the impedance tensor values at CSV and BAV for the 80 s period computed by single MT method between 1996 and the end of 1999, tremor activity and daily
number of earthquakes, and daily rainfall.

noise on soundings has been investigated. This is of particular
interest for geophysicists processing a full MT survey dataset in
anthropogenic environment. In addition, continuous time-lapse
MT processing has been performed and shows promising results
for subsurface monitoring of volcanoes or geothermal reservoirs.

The MT processing workflow mainly consists of (i) data
analysis and transformation, (ii) TF estimation, and (iii) quality
check of estimated quantities. We propose the open source
Razorback library as a collaborative tool to perform these
different tasks. For the first step, the library offers elaborated
time series manipulations, state of the art DFT computation, and
coefficient of determination pre-filtering. Alternate types of pre-
filtering exists and can be included. Provided a detection method,
the current features can eliminate the identified corrupted
time segments. Concerning the second step, a category of
standard robust procedures has been implemented. A well-
tested set of weighting function sequences is available and
can be easily enriched. Alternative categories of TF estimation
procedures (e.g., the RMEV approach proposed by Egbert, 1997)
could be included and would benefit from the other library
features. Regarding the third step, a range of quality check
methods exists and could be integrated in the library. Using the
modular Razorback library, the MT practitioner fully controls the
above workflow.
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