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Fetal Magnetoencephalography MEG

Magnetoencephalography MEG
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Magnetocardiography MCG

Goal is to determined the 3-d current distribution during the cardiac cycle

inverse problem has to be solved: 

Fig. 2.28. 62-channel twin dewar biomagnetometer during MCG-recording (Philips).

Fig. 2.29. Magnetic Source Imaging (MSI). (Material provided by R. Huonker).

2.2.7 Commercial Biomagnetic Measurement Devices 147

Vector-Magnetometer are used, and excitation propagation has to modeled
“current dipoles” are introduced to describe magnetic field distribution
data are combined with ECG data and MRI data
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Geophysical and Archeology Applications

► Rock magnetometry

► Transient electromagnetic measurements (TEM)

► Geomagnetic measurements: Tensor gradiometry

► Magnetotellurics (MT)

► Magnetic anomaly detection (MAD)  

► Gravimetry 

► ….

► Large distances to source

► Measurements in the open field

► Measurements with moving sensors

► Wide range surface mapping  

Challenges

First geophysical measurement with a SQUID in 1966
Earth magnetic field fluctuations

Vanadium dc SQUID



WS 21/22

138

WS 22/23

138

Geomagnetic Measurements

Full Tensor Magnetic Gradiometer (FTMG)

Bx By Bz

Bxx Bxy Bxz

Byx Byy Byz

Bzx Bzy Bzz

fT

fT/m

Simulation of cube (χ = 0.1) in 20 m depth
magnetic field: inclination - 62°,  declination -16°

400 m

40
0 

m

5 independent tensor elements
only 5 sensitive, linear independent      
gradiometers required to determine 
the full gradient tensor

► higher sensitivity for shallow structures 

► sharper anomaly outlines

► enhanced information content 

► insensitive to (homogeneous) regional
trends and time-of-day variations

Advantages of FTMG
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Example of locating an object with time-of-day variations :  airborne detection of a truck

► SQUID sensitivity is typically not the limiting factor

► for airborne gradiometer systems, noise cancellation is a critical technology 

► in addition, compensation of motion-induced artifacts is often needed

► can also be applied to locate for landmines and unexploded ordinance 

Geomagnetic Measurements
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Typical airborne FTMG detection system
gradiometer arrangements

Geomagnetic Measurements
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Gradiometer signal gradiometer unbalancebaselineeffective area

magnetometer

gradiometer
(unbalanced)

gradiometer
(after balancing)

Supercond. Sci. Technol. 34 (2021) 033001 Topical Review

Especially for HTS SQUID implementations with issues
operating in the Earth’s magnetic field, two additional vari-
ants were proposed which make use of reference sensors to
reduce the magnetic field at the magnetometers location. Koch
et al [83] use the signal difference of two sensitive magneto-
meters which are both inductively coupled to a reference mag-
netometer with low enough sensitivity to reduce the dynamic
range requirements. The other variant uses a global feedback
scheme [84, 85] with a (moderate sensitive) reference sensor
triplet which couples back the measured magnetic field using
a tri-axial Helmholtz coil system. In both cases, the sensitive
magnetometers should be coupled with the same strength to
the reference field to reduce the noise introduced by the refer-
ence sensors by differencing their signals.

Another option is to build a gradiometer based on rotating
a magnetometer or an approximately axial or transverse gra-
diometer of first order12 about a perpendicular axis. The lat-
ter one was proposed by Tilbrook [86]. Thereby the gradient
components are separated in the frequency domain. Examples
on the according instruments will be shown in the according
paragraph.
Hardware (or intrinsic) gradiometers make use of two

pickup loops configured either in parallel or in series to meas-
ure directly a gradient component and thus significantly redu-
cing the required dynamic range compared to a magnetometer,
especially important if the sensor is in motion. The string-type
sensors [82, 87] and new (so far unpublished) developments
on OPMs enable to build intrinsic gradiometers. However,
SQUIDs are the most promising technology for building hard-
ware gradiometers. Moreover, they enable single-chip sensors
too. The serial connection of the two loops is preferable since it
prevents the flow of large amplitude screening currents excited
by a homogeneous field and thus cross talk between the gra-
diometers. The two loops can be implemented by wire wound
or thin film technology to measure either on-axis (= axial) Bii
or off-axis Bik (i != k) MGT components. Vrba et al [88] sum-
marizes most of the developments on SQUID gradiometers for
real world operations including implementation, parameters,
and some applications. Other applications of SQUID-based
gradiometers are summarized in e.g. [89]. Although very suc-
cessful in biomagnetic applications, wire wound gradiometers
have often not sufficient CMRR (often of the order of <103)
for the mobile operation. Therefore, planar-type gradiomet-
ers based on thin-film technologies with high lithographical
accuracy are preferential. Stolz et al [90] provides an overview
on most of the planar-type LTS and HTS SQUID gradiomet-
ers developed within the past five decades. The best values
of the equivalent intrinsic gradient noise levels reported for
LTS and HTS SQUID gradiometers (refer to e.g. [90]), are
mainly based on a transformer-type coupling structure [90],
are <15 fT

!
m

"
Hz

"!1
and #0.8 pT

!
m

"
Hz

"!1
, respect-

ively. However, sensitive gradiometers in HTS aremainly real-
ized either on the base of rotating structure [86] or on a flip-
chip type configuration e.g. [91–93]. where a chip with the

12 Since a gradiometer pickup is used, it is actually a combination of an elec-
tronic and a hardware gradiometer.

Figure 4. Illustration of the imbalance of a planar-type gradiometer
caused by a difference in the pickup areas.

pickup loops is rigidly mounted to a second chip which con-
taining the SQUID structure itself.

4.2.3. (Im-)Balance of gradiometers and calibration. A
measured gradiometer signal g consists mainly of three com-
ponents [94] which are described by

g=
!Aeff · B̂ · !b

Veff
+ !D · !B+!E · "

!B
"t

(4)

wherein !b and !Aeff are the baseline and the effective area of
one pickup loop, respectively, and the effective volume of
the gradiometer is defined as Veff =

###!Aeff

### ·
###!b
###. The last two

terms in equation (4) describe the parasitic influence of the
magnetic field components on the gradiometers response, cf
figure 4, and should thus be minimized. The imbalance of a
first-order gradiometer can be defined as13 Di = Api/Veff [81]
in units 1m!1 wherein the Api with i $ (x,y,z) represent the
parasitic (magnetic field sensing) areas causing the response
of a gradiometer if an homogeneous field is applied. The
imbalance components are aggregated in the imbalance vector
!D= (Apx,Apy,Apz)

T/Veff. The reciprocal value C= Veff/ |Ap|
is known as a CMRR. It has units of m and represents a char-
acteristic distance at which the gradient signal amplitude of a
dipole is of the order of magnitude of the B-field signal meas-
ured via the parasitic area. The unitless total intrinsic14 bal-
ance or CMRR is thereafter defined by largest parasitic area
and amounts to CMRR= |Aeff|/ |Ap|. In equation (4), the eddy
current vector !E describes the response of the gradiometer to
the secondary field generated by eddy currents flowing in a
normal-metal object near the gradiometer when a time-varying
field is applied. The eddy current signal is mainly a system
response due to conducting components in the cryostat such
as the RF screen as well as other conducting system compon-
ents close to the individual gradiometer.

For wire-wound gradiometers, total CMRRs of%=1000 have
been reported which are often not sufficient to cover the

13 Commonmodemeans the signal caused by a homogeneousmagnetic field.
Alternatively, a unit-less definition by the effective area Ci = Api/Aeff is done
in some references.
14 Intrinsic balance or CMRR represents the response of the gradiometer
itself and not the one in a particular system on a uniform field. The system
balance is often compromised by other components such as cryostat etc.

8

noise spectra signals in time domain

Geomagnetic Measurements

eddy current vector 
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Airborne FTMG detection system for mineral searches

MEASUREMENT 9

Fig. 9: Setup of the airborne SQUID system developed by IPHT [106].

is cared about most is the effect of compensating magnetic
field vector. For instance, a novel compensation method has
been proposed in literature [121], in which attitude information
is used to set up a vectorial compensation model and least
square method is used to estimate parameters. Fig. 10 shows
the uncompensated and compensated results. It can be seen
that the measurement errors of geomagnetic field vectors and
magnitude decrease remarkably after compensation.

Fig. 10: Uncompensated and compensated results [121].

E. Satellites vector magnetic measurement

In 1958, the Soviet Union launched the first satellite
SPUTNIK-3 to measure the geomagnetic field, which fore-
shadowed the beginning of the satellites magnetic survey

technique [122], [123]. The fluxgate magnetometer was in-
stalled on this satellite, however, since the direction of the
magnetometer cannot be accurately determined, only total
field strength data were obtained. Since then, a series of
magnetic survey satellites carried total field magnetometers
were launched by the Soviet Union, including proton pre-
cession magnetometers or optical pump magnetometers. Like-
wise, they cannot be called vector magnetic survey. With the
development of space magnetic field measurement technology,
there have been numerous professional satellite programs
dedicated to the mapping of the Earth’s intrinsic geomagnetic,
such as the U.S. MAGSAT satellite program [124], [125],
Denmark’s Ørsted satellite program [126], [127], Germany’s
CHAMP satellite program [128], [129], Argentina’s SAC-C
satellite program [130], and European Space Agency’s (ESA’s)
Swarm [131].

The MAGSAT spacecraft was launched into a twilight, sun-
synchronous, orbit with inclination 96.76o, perigee 352 km
and apogee 561 km [132]. The Cesium vapor scalar and
fluxgate vector magnetometers together measured the field
magnitude to better than 2 nT and each component to better
than 6 nT [133]. Two star cameras, a high-accuracy sun
sensor and a pitch axis gyro provided the 10-20 arc-second
attitude measurements necessary to achieve this accuracy. The
magnetometers were located at the end of a boom to eliminate
the effect of spacecraft fields. An optical system measured the
attitude of the vector magnetometer and sun sensor (at the
end of the boom) relative to the star cameras (on the main
spacecraft) [134]. The data are available in several formats
from the National Space Science Data Center and are under-
going analysis by a team of investigators [135]. In addition,
An et al. [136], [137] employed the method of spherical cap
harmonic analysis to derive a spherical cap model based on
the MAGSAT data set, and described the three-dimensional

without compensation

after compensation with additional 
magnetometers, accelerometers, laser 
gyroscopes 

compensation of motion-induced artifacts 

Geomagnetic Measurements
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By BznT nT

Byy ByznT/m nT/m

Magnetometersignals

Gradiometersignals

South Africa

Survey in South Africa at 50 m height

Depth in m
calculated depth

Geomagnetic Measurements
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Cannington silver and lead mine in Australia  (largest silver mine on earth)

discovered by aerial magnetic survey in 1990

Geomagnetic Measurements
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Archeological Surveys 

leads to the hypothesis that the river was used as a Carolingian in!ux
(Beck, 1911). However, the former assumption of an Early Medieval
water storage dam (Koch, 1996) was disproved (Berg-Hobohm and
Kopecky-Hermanns, 2014).

3. Methods

For the prospection, sounding and interpretation of potential Caro-
lingian hydro-engineering structures, we conduct a hierarchical meth-
odological approach in a spatial order from large- to small-scale (Fig. 3).

3.1. SQUID magnetic exploration

For the large-scale non-invasive prospection of linear subsurface
structures, we performed magnetic surveys by means of high sensitive

motorised SQUID (SuperconductingQuantum Interference Device) sen-
sors (Linzen et al., 2009). The SQUID system allows the synchronous re-
cording of up to 12 gradiometer and 9 magnetometer signals. Thus,
several components of the gradient of the Earth's magnetic "eld up to
the full tensor can be detected. A Matlab script was used for post-
processing and merging of all data "les measured on the dozens of sep-
arated "elds. Details of the general SQUID data processing can be found
in Linzen et al., 2007. Themagnetogramswith a pixel size of 0.2! 0.2m2

were gridded with Surfer (Golden Software) by use of the Kriging
method. The maxima of magnetic information provide the possibility
for the calculation of subsurface distributions of magnetic sources
(Schneider et al., 2014; Schneider et al., 2013). In this way and by anal-
ogy with the magnetic anomaly of the canal itself (Linzen et al., 2017;
Linzen and Schneider, 2014), several further linear and point anomalies
within the prospected area are modelled. We present results of source

Discussion of final 
interpretation

Direct push sensing
2D cross section

Coring, magnetic 
susceptibility

detailed analysis 

Historical Map
field boundary analysis

SQUID magnetic
extensive exploration

large- to sm
all-scale

In
te

rp
re

ta
tio

n

Fig. 3.Multi-methodical and hierarchical prospection approach. Concept of a spatial-hierarchical multi-methodical approach for the investigation of large (geo-)archaeological sites. The
methods are conducted from large- to small-scale with intermediate interpretation steps.

Fig. 4. Application of direct push sensing at the Fossa Carolina. a) Direct push sensing technique (Photo: S. Dietel 2017) equipped with b) Soil Colour Optical Screening Tool and
c) equipment for on-site decision and abrupt adaption of the investigation strategy.
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A LTS-SQUID System for Archaeological
Prospection and Its Practical Test in Peru

S. Linzen, A. Chwala, V. Schultze, M. Schulz, T. Schüler, R. Stolz, N. Bondarenko, and H.-G. Meyer

Abstract—We present a new geomagnetic field measurement
system for the detection of archaeological signatures in the soil.
The system provides a unique fast mapping of large areas with
high magnetic field gradient resolution as well as lateral precision.
The data acquired by the device are geographically referenced
and suitable for embedding in a Geographic Information System
(GIS).

Index Terms—Geographic information system, geomagnetism,
gradiometer, multisensor system, SQUID.

I. INTRODUCTION

GEOMAGNETIC instrumentation is a well-established
tool for archaeological investigations [1]. High sensitive

measurements of the earth’s magnetic field some centimeters
above the ground can give hints about buried structures of
human activities in former times. State of the art Cesium
magnetometers (e.g. Scintrex Cs-3) with a resolution of some
picoteslas are sufficiently sensitive to resolve the susceptibility
or magnetization differences caused by refilled pits and ditches
or decomposed wood palisades that are covered with several
centimeters of agriculturally used soil [2], [3].

Erosion and/or intensive farming often reduce the small
archaeological signatures further. In that case archeologists
could profit from the orders of magnitude higher sensitivity of
Superconducting QUantum Interference Devices (SQUIDs).
The major advantage of SQUID sensors, however, is their huge
bandwidth. The speed of Cesium magnetometer based systems
[3], [4] over ground with a typical measurement point distance
of 10–20 cm is limited to some kilometers per hour, caused
by the maximum sampling rate of 10 Hz. Thus, large area
prospection, i.e. more than say one hectare (10,000 ), is not
really practicable. We built a SQUID based system to overcome
these limitations.

Highly sensitive and balanced first order gradiometers form
the heart of our system. The planar sensors are based on nio-
bium SQUIDs, fabricated in-house. A non-metallic cart carries
the gradiometers as well as the complete battery driven elec-
tronics and data acquisition. An inertial and a global positioning
system (GPS) complete the setup. The new device was success-
fully tested during several measurement campaigns in South
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Fig. 1. Photograph of our measurement cart in the manually driven case. (The
picture was taken on the geoglyph “PAP64” near Palpa.)

America and Europe within the last 12 months [5], [6]. More
than 600,000 square meters were mapped using various kinds
of cross-country vehicles for pulling the cart. Here we present
some of the experimental data which were acquired during the
first practical test in the Palpa valley near Nasca in southern
Peru.

II. THE LTS-SQUID SYSTEM

A. The Measurement Cart

The construction of our glass fiber reinforced plastic cart
allows two movement modes, a manual pushing or a pulling
by car. The manually driven case is shown in Fig. 1. The cart
in its current configuration carries two liquid helium cryostats,
each one equipped with one SQUID gradiometer and three
magnetometers. The lateral distance between the two cryostats
is 0.5 meters; there is space for a third one. Four plastic wheels
are separately suspended and allow a soft movement of the cart
over ground with only small vertical distance variations and
tilting. Due to the elastic band suspension of each wheel even
rough surfaces and stones can be managed.

The global position of the cart is measured by a GPS rover
unit (“Receiver 5800” by Trimble Navigation) in combination
with a GPS base station. The latter has a total position error
of about 5 m and is preferably positioned at a known geodetic
point in the landscape. The base station transmits its informa-
tion via UHF antennas to the cart. Both GPS data (from base
station and from the cart) are processed by the GPS rover unit
to set up a differential GPS. This way, a relative position error
of less than 5 cm is achieved. However, because of tilting of
the cart during movement, this GPS antenna position on top of

1051-8223/$25.00 © 2007 IEEE
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Fig. 2. Photograph of our measurement cart in the motorized case pulled by a
cross-country vehicle. The suspensions of the four wheels of the cart are flipped
in comparison to the manually pushed modus.

Fig. 3. The gradiometer layout on chip. The gradiometric coupling
loop structure with the readout SQUID in its center is shown with increasing
magnification below the chip [7].

the antenna pole may differ considerably from the needed gra-
diometer position. For that reason, tilting is measured with an
inertial system (“MT9” by Xsens Technologies B.V.). In a post
measurement calculation process the correct gradiometer posi-
tions are determined.

Fig. 2 shows our system in the car driven case. The cart is
fixed to a cross-country vehicle by a ball towing and a prolon-
gation of the cart construction. Thus the distance between the
cryostats and the back of the car is about 6 m, in order to reduce
the impact of magnetic signals of the car to the gradiometer and
magnetometer measurements. This configuration allows a max-
imum measurement speed of 50 kilometers per hour.

B. The SQUID Sensors

The used first order gradiometers are especially designed
for movement in unshielded environments, see Fig. 3. The
whole chip is fabricated with the technology
of the IPHT Jena. The planar gradiometer pickup loop has
a base length of 4 cm; each loop having an effective area of
7.5 . The dc SQUID which senses the differential current
of both loops works itself as a second order gradiometer. The
series gradiometer pickup loop is coupled inductively to the
SQUID via eight flux transformers. A noise limited resolution
of 7 fT/cm, calculated as integral peak-to-peak sensor noise

Fig. 4. Photographs of a complete cryostat (left), the inset with electronic box
(middle) and the lower end of the inset with gradiometer and magnetometer
cube (right).

Fig. 5. Data flow chart of all sensor signals. The sensors and the data acquisi-
tion unit are mounted on the cart. The notebook is situated either on the cart or
into the cross-country vehicle depending on the motion mode.

extrapolated in the frequency band of 0.01 Hz to 10 Hz, and an
intrinsic balance of is reached for the gradiometer. For a
more detailed description see [7].

The gradiometers are mounted vertically inside the cryostats.
Fig. 4 shows the plastic encapsulated gradiometer fixed on the
lower end of the cryostat inset. Two centimeters above the gra-
diometer, three less sensitive magnetometers are mounted or-
thogonally on a cube, thus measuring the , and compo-
nent of the magnetic field. The signals of these three SQUIDs
are used to increase the gradiometer balance further (cp. next
chapter). On the upper warm end of the cryostats the SQUID
electronics [8] including the flux locked loop circuits (FLLs
with set 3 MHz bandwidth) and some digital parts are mounted
inside an aluminum box. The left side of Fig. 4 gives an impres-
sion of the closed cryostat inside a plastic cover tube of 70 cm
length. The cryostat itself is made from glass fiber reinforced
plastic and has a filling cycle of 2 days.

C. The Data Acquisition and Processing

The data of all sensors are acquired by a self-made elec-
tronics. This acquisition unit is mounted together with the GPS

Authorized licensed use limited to: KIT Library. Downloaded on January 10,2022 at 23:40:07 UTC from IEEE Xplore.  Restrictions apply. 
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Figure . SQUID-based FTMG instruments and some parameters describing their performances, e.g. [54, 81, 92, 130].

from the rotating frame, called body frame (indexed by the let-
ter b), into an ECEF frame, for instance north - east - down=
ED, the motion noise can be reduced significantly. This is

described by the equation

B̂ ED =
!
D̂b

ED

"T
· B̂b · D̂b

ED (6)

wherein B̂b and B̂ ED denote the gradient tensor in body and
ECEF frame and D̂b

ED = D̂roll · D̂pitch · D̂heading · represent the
non-commutative product of the 2D rotationmatrices using the
Euler angles [104].

The com ensation for platform induced noise, namely rem-
nant and inducedmagnetization aswell as eddy current effects,
for the TMI and magnetic field components were derived first
by Leliak [131] and was adapted reduced later in [132–135].
This set of equations could easily be adapted for the MGT and
be used to compensate for platform noise.

Other effects are often observable as small offsets in
between the individual survey lines which could be caused e.g.
by slightly different altitudes from line to line or by varying
balancing coefficients. Those offsets are often addressed by
the so-called le elling [136, 137] ormicro le elling [138, 139]
which are using directional median filters. These methods
can be applied on the individual MGT components. However,
this will very often spoil the unique tensor properties such
as tracelessness and symmetry, refer to equation (3). For this
reason, Schiffler et al [104] developed a micro-levelling which

preserves the consistency of the gradient tensor. It should be
mentioned here, that each levelling method still has the main
disadvantage to partially or completely remove in-line mag-
netic anomalies. Advanced methods such as MITRE (minim-
ize tensor residual errors) [76] or locally fitted truncated 3D
Fourier series are used for enhancing the MGT component
quality [140], too.

The final step in the data processing sequence is the inter
olation of the irregularly spaced MGT data points onto a reg-

ular grid, the so called gridding. Ordinary methods are based
on triangulation, e.g. nearest neighbour, or on biharmonic
splines [141]. More advanced algorithms such as the ordin-
ary kriging algorithm [142, 143] use geostatistical information
to enhance the interpolation. However, all of these methods
do ignore again the MGT properties and thus may corrupt the
data. Using quaternions [144, 145] allows interpolation of the
tensor as a whole onto a regular grid while preserving its prop-
erties in the so called SLERP (spherical linear interpolation)
algorithm [146].

In this paragraph we will briefly discuss the trans orma
tions from MGT data into other magnetic components. State-
of-the-art algorithms are based on Hilbert transforms which
are frequently used for the magnetic method [147–149] or
modified versions towards self-potential methods [150]. By
using Hilbert-like transformation applied onto the full tensor
or only the vertical components of theMGT, all other compon-
ents of the tensor or even themagnetic field vector components
and TMI can be derived [151].

11
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gradiometer. It only produces the gradiometer
signal, without the detour via two magnetometer
signals. This is in contrast to electronic gradi-
ometers, where two magnetometers sense the
magnetic field itself and a ‘gradient’ is approxi-
mated by a subtraction of these two signals.
With respect to the physical abilities for SQUID

design (Cantor, 1996), our gradiometer is quite
large. For a gradiometer set-up, however, its
base length (the distance between the centres of
the two sensing loops) of 4 cm is very small,
compared with 1–3m used in caesium gradi-
ometers (Neubauer, 2001a; Linford, 2003). The
loss of resolution of the SQUID gradiometers due
to the small base length is, however, outbalanced
by the high sensitivity of the SQUID. These
points will be discussed in more detail in the next
section.
The SQUID itself needs more components to

become a complete magnetic field sensor. This is
shown in Figure 2. The SQUID is encapsulated
for mechanical protection, and fixed on a stick. In
this configuration, it measures the gradient
dBhorizontal/dz, where z is the vertical direction
and ‘horizontal’ means the direction perpendicu-
lar to the SQUID chip surface (corresponding to
the paper plane in Figure 2).
The stick with the SQUIDs at the bottom and

the electronics on top is mounted in a cryostat
filled with liquid Helium, which provides the
4.2K working temperature of the SQUIDs. The
cryostat is protected against mechanical damage
by a plastic cover tube of 70 cm length. The
cryostat itself is made from glass fibre reinforced
plastic and has a refilling cycle of two days.
The SQUID electronics on top of the cryostat

linearizes the originally sinusoidal dependences
of the SQUID output voltage. This feedback loop
is the limiting part for bandwidth and slew-rate
of the complete SQUID sensor. Our electronics’
bandwidth of 3MHz is far above any signal
frequency ever used in geomagnetic measure-
ments, however. The slew-rate indicates the
speed with which signal changes or disturbances
can be followed. The value of 7mT/(m!s) ensures
a stable operation during movement – even very
fast movement – in most measuring conditions
(Oukhanski et al., 2002).
However, too strong or fast field variation,

regardless of its origin, may cause an opening of

the electronic feedback loop. This is particularly
the case when turning at the end of lines during
field mapping. Then the loop is forced to start at
zero output voltage again. Such jumps can –
because of their quantisized height – be recog-
nized and corrected in software processing.

A predecessor of our SQUID sensor set-up was
used for a test of the principal applicability of
SQUIDs for the archaeological prospection
(Chwala et al., 2003). At this initial point of our
system development we simply used a SQUID
gradiometer channel which was set up for
another application (the recording of a human
fetus’ magneto-cardiogram (fMCG) (Stolz et al.,
2003)); the sensor was set into awooden crate and
carried across our test site, the north-eastern gate
of our double-ring ditch. Figure 3 shows our
improvisational apparatus. This very first map-
ping of the gateway in our test site is shown in
Figure 4a and b. All the test data are summarized
in Figure 4.

This test showed the principal power of our
SQUIDs for well-resolved archaeological map-
ping. Themap had some positional problems due
to our primitive surveying procedure with only
approximately constant walking speed along

Figure 3. Improvised first measurement set-up using a large
cryostat with a SQUID gradiometer. Cryostat and electronics
wereputonawoodencrate.Dataloggerandbatteriesweredis-
placed and connected via the cable visible in the front part of
thephotograph.Allocationof themeasureddata to theposition
wasperformedbya (preferably) constant walkingspeedalong
previously laid out ropes.

Copyright # 2008 John Wiley & Sons, Ltd. Archaeol. Prospect. 15, 113–131 (2008)
DOI: 10.1002/arp
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Niederzimmern Neolithic Double-ring Ditch Exploration

Early bronze age   (~ 5500 BC)

Aerial photo

Archeological Surveys 
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Transient Electromagnetic Measurements (TEM)

1032 9 Superconducting Quantum Interference (SQUIDs)
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Principle idea

► current pulse in a large loop produce time-varying magnetic fields

► eddy currents are induced in conductive material

► secondary fields from these object are monitored

► decay time of signal indicates conductivity of material
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Transient Electromagnetic Measurements (TEM)
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TEM Setup in the field

Transient Electromagnetic Measurements (TEM)
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TEM sensitivity demonstration 

copper sphere 10 cm 3 cm artillery shell 

Transient Electromagnetic Measurements (TEM)
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Airborne  TEM Systems

Transient Electromagnetic Measurements (TEM)
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Magnetotellurics (passive TEM)

► electrical field generated in the ionosphere due to the solar wind
(or by lightnings) is reflected at the Earth’s surface

► components of both the electric and magnetic field
decaying as they penetrate into the Earth 

► The electric field as a function of frequency is related to the
magnetic field via an impedance tensor Z in units of mV/km nT: 

The use of SQUIDs in electromagnetic prospecting
methods can be divided into passive and active methods.

A. Passive methods

Passive methods such as magnetotellurics !MT" and au-
dio MT !AMT" use the interaction of the solar wind in the
ionosphere as an electric and magnetic field generator. In
general, they cover the frequency range of megahertz to
10 Hz and 10 Hz to 1 kHz, respectively.

1. Magnetotellurics „MT…
Magnetotellurics can be used to determine the electrical

conductivity distribution of the Earth’s crust by measuring
the Earth’s electric and magnetic fields.98 Because the Earth
is a good electrical conductor compared to the air, the elec-
trical field generated in the ionosphere !due to the solar
wind" is reflected at the Earth’s surface, with components of
both the electric and magnetic field decaying as they pen-
etrate into the Earth. The electric field !as a function of fre-
quency" is related to the magnetic field via an impedance
tensor !Z in units of mV/km nT" where

E!!" = ZH!!" ,

Ex!!" = ZxxHx!!" + ZxyHy!!" ,

Ey!!" = ZyxHx!!" + ZyyHy!!" ,

"ij # 0.2$Zij$2#;$ # 0.5%"# . !17"
By measuring E and H, the electrical resistivity of the Earth
!" in % m" can be calculated !Fig. 36". By measuring at
different frequencies, the resistivity can be determined as a
function of skin !penetration" depth &$ !in kilometers"
# 1

2 %"# kilometers, where # is the period of the electromag-
netic wave'.

By measuring at multiple positions and combining that
information with geologic and geophysical data, it is possible
to create a geologic model that can be used to indicate suit-
able drilling sites !Fig. 37".

Magnetotellurics has been used for oil exploration in the
overthrust belts of the western United States and deep sedi-
ments of the Gulf coast region. The increased conductivity of
hot saline regions associated with geothermal sites makes
MT well suited for locating hydrothermal reservoirs. The use
of multiple magnetometers !i.e., remote reference
magnetotellurics100" can significantly reduce the influence of
correlated noise.

SQUID magnetometers for MT are typically of 3 axes
!Bx, By, and Bz". Since most MT surveys are done in remote
areas, environmental noise is less of a consideration, al-
though the sensitivity desired !&100 fT/ %Hz" still makes
even distant power line frequencies observable.

2. Magnetic anomaly detection „MAD…
Knowledge of the total magnetic field gradient !!B" of

an object can allow determination of its magnitude and
direction.101 From Maxwell’s equations, four of the gradients
are redundant !e.g., "By /"x=!"Bx /"y". Thus only five gradi-
ent components are necessary to determine !B &Eq. !18"',

("Bx/"x "Bx/"y "Bx/"z

"By/"x "By/"y "By/"z

"Bz/"x "Bz/"y "Bz/"z
) ! ("Bx/"x "Bx/"z

"By/"x "By/"z

"Bz/"z
) . !18"

An eight-element vector/tensor array can also be made from
pure magnetometer elements !Fig. 38". This is helpful when

FIG. 38. !Color online" Tensor made from discrete magnetometers.

FIG. 39. !Color online" Output of HTS planar gradiometer flying over a commercial vehicle !arbitrary units". The gradiometer was inside a tail mounted
stinger on a Cessna Caravan airplane.
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skin depth period of em wave

is used to search for oil fields
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Magnetotellurics (passive TEM)
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Resistivity map of northern USA

Magnetotellurics (passive TEM)
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Krýsuvík (Island) high-temperature geothermal field  

Resistivity vs depth map from combined TEM and TE data

Magnetotellurics (passive TEM)


