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Executive Summary 
This NEWTON WP2 deliverable D2.1 entitled "Definition of instrument requirements and architecture. 
Design guidelines" presents the NEWTON instrument requirements for planetary exploration of Moon and 
Mars, as well as the requirements of the instrument to operate on Earth's surface. 

Additionally, this document includes also the architecture and preliminary design specifications of the 
different instrument prototypes which will be developed within the NEWTON project. Prototype 1 will be 
designed for planetary exploration missions with an envelope adapted to a rover-mounted payload. 
Prototype 2 will be a reduced version of the prototype 1 for a rapid and preliminary analysis of surface 
during prospections on Earth implemented on a hand-held device. Finally, Prototype 3 will be an advanced 
system for the in-situ analysis and full magnetic characterization of drilled samples in medium term 
missions with more powerful rovers or base stations. This prototype will be an advanced version of the 
prototype 1. As aforementioned, the architecture of the three prototypes will be described in this 
document, as well as the main interfaces between the different key building .This information will be used 
as inputs for the design stage of the project which will be developed in the framework of WP3. 

The document is structured in different sections. Section 2 describes the analysis of scenarios including the 
Moon, Mars as well as different applied geological sites where NEWTON instrument capabilities for civil 
engineering applications will be tested. Section 3 reports the requirements of NEWTON multi-sensor 
instrument while section 4 includes the architecture and design specifications of the three prototypes 
which will be developed within the project. Section 5 discuss the main results and conclusions of the 
deliverable and finally section 6 enlists the referred bibliography. 
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1. INTRODUCTION  

The objective of NEWTON project is the development of a scientific magnetic instrument for use in space, 
science and planetary exploration and with good prospects for commercial spin-off in civil engineering 
applications. NEWTON goes beyond the state-of-the-art technology by introducing magnetic susceptometry 
as a complement to existing compact vector magnetometers for planetary exploration. With this, NEWTON 
provides a first opportunity to perform high resolution and complete non-invasive in-situ magnetic 
characterization of planetary surfaces and subsurfaces. The NEWTON instrument will deliver unique 
information on the magnetic structure stored during the formation of the measured rocks and thus 
information on the primigenial global magnetising field, allowing to solve some of the open questions on 
the crustal evolutions within the Solar System: the disputed origin of high energy cratering, the magnetic 
signature of ore formation processes, the highly intense anomalies of Mars and the origin of Phobos and 
Deimos.  

Taking into account the innovative features of the NEWTON instrument, it is not a matter of meeting 
specifications, but to set the specifications. With this regard, the main objective of WP2 is to define the 
specifications of NEWTON instrument to significantly change the space planetary magnetometry with the 
technological advance provided by NEWTON. To that purpose, an exhaustive analysis of the scenarios, 
including the Moon and Mars,  has been developed and reported in this document. Although the Moon was 
not considered as a scenario for NEWTON at the proposal stage, finally this scenario has been also included 
in the analysis, principally due to the Moon is considered at this moment as a key point in the roadmap of 
the exploration of the Solar System. The information gained from the analysis of the scenarios has been 
employed to obtain the requirements of NEWTON instrument to operate on planetary surface. At the same 
time, these requirements have been used to set the technical specifications of NEWTON instrument (three 
prototypes) which will be used in the design stage in the framework of WP3. In addition to this, the 
adapted technical requirements required for the instrument to operate on Earth surface have been also 
derived and reported in this document. 

2. ANALYSIS OF SCENARIOS 

2.1. MOON 

2.1.1. Formation history and its global magnetic characteristics 

2.1.1.1. Geological history 
The formation of the Earth’s moon is best explained by the giant-impact hypothesis, which is supported by 
the following evidences: 

 Similar orientations of the Earth's and the Moon's spin 
 Moon rocks indicate that most of the Moon was once molten which requires a huge impact-related 

kinetic energy to reach such very high temperatures 
 The Moon has a small iron core and a similar timing of the initiation of a global dynamo than the 

Earth. 
 The ages of the first crustal rock formation are nearly coeval to that on Earth 
 The stable-isotope ratios of lunar and terrestrial rock are very similar, implying a common origin. 

However, since not all the distinct features of the moon could be explained, Rufu et al. (2017) proposed a 
huge multiple impact event as more reasonable scenario (FIGURE 1).   
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FIGURE 1. Moon- to Mars-sized bodies impact the proto-Earth (a) forming a debris disk (b). c, Due to tidal 
interaction, accreted moonlets migrate outward. d, e, Moonlets reach distant orbits before the next collision 

(d) and the subsequent debris disk generation (e). As the moonlet–proto-Earth distance grows, the tidal 
acceleration slows and moonlets enter their mutual Hill radii. f, The moonlet interactions can eventually lead 

to moonlet loss or merger (Rufu et al. 2017).  

 
FIGURE 2. Illustration of the idea of the lunar "magma ocean concept". It suggest at first a nearly completely 

molten moon with segregation of a small liquid iron core. Olivine and pyroxene crystallized first during 
cooling and settled down forming a cumulate-like deeper sector of the moons mantle. Subsequently less 

dense minerals (in particular plagioclase) become enriched in the upper layer of the magma ocean where it 
formed the lunar anorthositic crust (e.g. Taylor 2011; Elardo et al. 2011). 

 
FIGURE 3. Lunar crustal thicknesses derived from GRAIL's gravity data (NASA image). Highest 

thicknesses of up to 60 km characterize the far side highlands (right) while impact basins have only few 
kilometres. In some of the basins, the crust is so small that mantle material becomes exposed at the 

surface. Purple stars mark locations where the Kaguya orbiter mapped olivine-rich rocks at the surface in or 
very near to impact basins (e.g. Wieczorek et al. 2012). 
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The low bulk density of the Moon (~3346 kg m−3) indicates a low metal abundance. This feature and 
moment of inertia indicate that the Moon has only a small iron core of less than 900 km diameter (FIGURE 
2). The thickness of the lunar crust has been constrained by seismology near to the Apollo 12 and 14 
landing sites. These first data suggested a crustal thickness of about 60 km, but recent reanalyses of these 
data suggest a thinner crust in many areas, in particular within impact basins (FIGURE 3; Wieczorek et al. 
2012). 

The mineralogy and petrography of lunar rocks indicate that the Moon has been covered initially by a deep 
magma ocean (Elardo et al. 2011) before first rocks crystallized at around 4.51 Ga (Barboni et al. 2017; 
Taylor 2015), nearly coeval with the oldest rocks which formed from a magma ocean on Earth (Valley et al. 
2014). FIGURE 2 illustrates the crystallization of olivine, pyroxene and plagioclase in this magma ocean and 
there density-related vertical separation which led to the formation of the lunar mantle and crust (up to 60 
km thickness). The majority of the magma ocean crystallized relatively fast within about 100 million years 
(e.g. Elardo et al. 2011). However, the finally remaining KREEP-rich magmas, which are highly enriched in 
incompatible and heat-producing elements, have probably remained partially molten for several hundred 
million (or perhaps 1 billion) years, as ages of Mare basalts indicate (e.g. Taylor 2015). During the late stage 
of crust formation, different types of magmas, like Mg-suite norites (orthopyroxene gabbro) and troctolites 
(olivine-rich anorthosite), have been formed. The oldest rocks of the Mg-suite have crystallization ages of 
about 3.85 Ga, coeval to the last large impact which could have excavated deep into the crust (the Imbrium 
basin; FIGURE 3). Thus, it seems probable that Mg-suite plutonic activity continued for a much longer time 
and that younger plutonic rocks exist deep below the surface. The ages of lunar samples indicate that most 
lunar impact basins formed within a very short period of time between >4 and 3.85 Ga (e.g. Hiesinger et al. 
2012). 

Although there are no hydrous minerals in lunar rocks, a recent high-pressure and high-temperature 
experimental study of  the mineralogical and geochemical evolution during the lunar magma ocean 
solidification indicates the presence of 270 to 1,650 ppm water in the earliest lunar interior (Lin et al. 2016). 
 

 
FIGURE 4. Geological time table of the moon. Millions of years before present. 

The geological history of the Moon has been divided into six major periods starting at around 4.51 Ga with 
the Pre-Nectarian and ending with Copernican which includes the last 1 Ga (FIGURE 4). 

The lunar Maria represents deposits from ancient flood basalt eruptions. They cover 16 % area of the moon 
and are distributed in lower elevated regions, in particular in large impact basins. Compared to terrestrial 
lavas the lunar basalts have higher iron contents, but lower SiO2 concentrations and thus lower viscosities. 
Some of them are characterized by highly elevated abundances of the Ti-rich mineral ilmenite. The oldest 
basalts have ages of > 4.4 Ga. However, the majority of these volcanic rocks were generated between 
about 3 and 3.5 Ga ago when most of the anorthositic crust still has been formed. Based on crater counting 
age determinations some basalts are believed to have been erupted only 1 Ga ago. This effusive volcanism 
was sometimes associated with explosive eruptions which distributed pyroclastic basaltic material 
hundreds of kilometres away from the volcano. 
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FIGURE 5. Topography of the South Pole Aitken basin with a diameter 2500 km and a relative depth of 13 

km. This area is filled in particular filled by mare basalts. 

Impacts by meteorites and comets are the most important geologic forces acting abrupt on the Moon. 
Among them the South Pole Aitken basin forms a huge impact structure with a diameter of 2500 km and a 
very thin crust (< 10 km; FIGURE 3, FIGURE 5 and FIGURE 7). While most impacts occurred during the Pre-
Nectarian period, also many younger impact craters have been discovered and used to build up a lunar 
impact stratigraphy (FIGURE 6; Fasset et al. 2012; Neumann et al. 2015). For example, the Copernicus crater 
with a diameter of 93 km and a depth of 3.76 km has been formed only about 900 million years ago and 
other craters could have formed less than 100 million years ago (Hiesinger et al. 2012). Besides this surface 
shaping by impacts, space weathering due to a high energy particle flux, solar wind implantation, and 
micrometeorite impacts represent important exogenic forces. 

 
FIGURE 6. Example of local topographic and geological mapping on the moon in an area northwest of the 

South Pole-Aitken basin on the lunar far side (Tsunakawa et al. 2014). (a) Topographical map after the 
Moon-color-coded topography by U.S.G.S. (b) Geological map modified after the U.S.G.S. Ig: a geological 

unit of light blue in color, Im: a geological unit of red in color. 

2.1.1.2. Internal field 
Most hypotheses to explain the magnetic characteristics and anomalies on the Lunar surface invoke a 
thermally driven core dynamo during its Pre-Nectarian and Nectarian history (e.g. Weiss & Tikoo 2014; 
Tsunakawa et al. 2015; FIGURE 4). However, this theory is problematical given the small size of the core and 
the required strong magnetic field strength of an ancient dynamo (FIGURE 2: Les Bars et al. 2015; 
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Wieczorek et al. 2012). Thus different further observations concerning the distribution of remanent 
magnetic signatures and deduced hypothesis of their origin are compiled and discussed in the following: 

Most of the lunar samples from Apollo 12, 14, 15, and 16 are characterized by a strong Natural Remanent 
Magnetization (NRM; Fuller 1974) which indicate ancient magnetic fields with intensities of <1 to 120 μT for 
the period between 4.2 to 4.0 Ga. This huge range of intensities may indicate that the Moon’s magnetic 
field experienced extreme high temporal variations (Weiss & Tikoo 2014). Even if considering large 
uncertainties, dynamo models should consider paleointensities of at least ~35 μT for this high-field period. 
Subsatellites from Apollo 15 and 16, orbiting the moon at low latitudes, indicated magnetic anomalies with 
a scaled size of at least tens of kilometres whose size and distribution suggest a common homogeneous 
source for this early remanent magnetization. Despite these first results of the Apollo mission the earliest 
history of the lunar dynamo remains poorly explored. But recent results may shed some more light on this 
topic: 

Shea et al. (2012) analyzed the 3.7 Ga old mare basalt sample 10020 which also contains a high-coercivity 
magnetization acquired in a stable field of at least ~12 μT. Suavet et al. (2013) reported analyses of two 
3.56 Ga old mare basalts which have been magnetized in a stable and surprisingly intense magnetic field of 
at least ~13 μT. More recently, the lunar troctolite 76535 sample indicates the oldest known paleomagnetic 
signature, formed at around 4.25 Ga. This gives evidence for an early ancient dynamo field with high 
paleointensities of approximately 20-40 μT (Garrick-Bethell et al. 2017). Furthermore, this unbrecciated, 
unshocked, and slowly cooled rock sample indicates a high coercivity magnetization oriented in nearly the 
same direction, implying that it was magnetized by a unidirectional field on the Moon. This sample also 
does not give implication for shock remanence or significant reheating. The former results indicate that the 
lunar dynamo was continuously active a period of about  0.5 to 0.7 Ga and remained possibly after the final 
large basin-forming impact. These results do not support strongly the hypothesis that impact-driven 
changes in rotation rate played a major role for the dynamo behaviour at this time in lunar history as 
proposed by Takahashi et al. (2014). However, an important problem arises from the fact that most models 
concerning the lunar cooling and internal evolution are unable to explain a dynamo which persisted well 
beyond 4.1 Ga. Recent studies suggest a wet lunar interior (e.g. Evans et al.2014; Lin et al. 2017) and this 
could have lowered the mantle viscosity by ~2 orders of magnitude and thereby may have enabled a 
thermal convection dynamo to persist until perhaps ~3.4 Ga. Recently, Tikoo et al. (2014) suggested that 
the melt-glass matrix of regolith breccia 15498 which contains a population of high-fidelity single-domain 
ferromagnetic grains was magnetized in a ~2 µT core dynamo field. The age of its TRM is uncertain, but 
must have been less than the 3.3 Ga age for the basalt clasts in the breccia and trapped Ar data suggest a 
lithification age of perhaps only ~1.3 Ga. If these results become confirmed, this would extend the lifetime 
of the lunar dynamo by at least 0.2 to 2 billion years, suggesting that the dynamo operated in two different 
intensity regimes: a pre 3.3 Ga high field epoch and a post 3.3 Ga weak field epoch (Weiss & Tikoo 2014). 
The existence of such a very long living dynamo with a low magnetization force can be explained based on 
recent modelling which considers a depletion of the lunar mantle by siderophile elements and suggests a 
bulk core sulphur abundance of ~6 wt. %. Such chemistry could have provoked a core crystallization process 
which played an important role in sustaining a weak late lunar dynamo (Weiss & Tikoo 2014). 

Mapping of magnetic anomalies from orbits with Lunar and Kaguya Prospectors in 1999 and 2007 show 
magnetic anomalies of up to 12 nT calculated for an altitude of 30 km above the surface (FIGURE 6 and 
FIGURE 7). These orbital magnetic field measurements indicate that portions of the lunar crust are strongly 
magnetized. Most of these anomalies are situated along the Northern rim of the South Pole Aitken impact 
basin, while smaller anomalies are distributed as patches mainly within its southern hemisphere (Wieczorek 
et al. 2012). Some of these anomalies are also associated with other impact basins, like Crisum. However, 
the distribution of these anomalies does not show a clear correlation with crustal thicknesses (FIGURE 6 
and FIGURE 7), like this occurs partly on Earth and Mars. There is also no clear relationship with respect to 
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major lunar crustal lithologies, represented by the anorthositic highlands and Mare basaltic basins. Due to 
the former observations Wieczorek et al. (2012)  suggested that the stronger lunar anomalies are mainly 
produced by the deposition of impact-derived chondrites and/or iron meteorites with relatively high 
susceptibilities which have been widely distributed on the Mars surface and successively magnetized by an 
active dynamo during the early stage of the moons history (>3.6 Ga). These authors argue that only such 
meteoritic rocks have a sufficiently high capacity (high susceptibilities) to store the required remanent 
magnetic signature compared to other lunar crustal rocks and thus could explain the observed anomalies. 
FIGURE 8 illustrates that <1 to 2 km thick deposits of different chondritic material can cause the observed 
12 nT anomalies, whereas typical lunar crustal rocks requires crustal thicknesses of > 20 km above Curie 
temperatures. 

 

(a) 

 

(b) 

FIGURE 7. (a) Topography from Lunar Reconnaissance Orbiter laser altimeter data (Andrews-Hanna et al. 
2008) and drawn Wieczorek et al. (2012). (b) Total magnetic field strength from the Lunar Prospector model 
calculated for an altitude of 30 km above the surface (Purucker & Nicholas 2010 and Wieczorek et al. 2012).  
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FIGURE 8. Thickness of magnetic materials required to generate a 12-nT (arrows) anomaly 30 km above the 

lunar surface (Wieczorek et al. 2012). Thermoremanent magnetizations acquired in a dipolar field were 
determined for each thermoremanence susceptibility, cTRM (in SI units), and surface paleofield intensity at 

30° latitude within a representative disk with 60 km in diameter. The maximum magnetic field strength scales 
linearly with disk thickness. Representative thermoremanence susceptibilities of lunar (dashed) and 

meteoritic (solid) rock types are shown by horizontal lines. 

Mapping of magnetic anomalies from lunar orbits with Lunar and Kaguya Prospectors in 1999 and 2007 
show magnetic anomalies of up to 12 nT calculated for an altitude of 30 km above the surface (FIGURE 7). 
These orbital magnetic field measurements indicate that portions of the lunar crust are strongly 
magnetized. Most of these anomalies are situated along the Northern rim of the South Pole - Aitken impact 
basin, while smaller anomalies are distributed as patches mainly within its southern hemisphere (Wieczorek 
et al. 2012). Some of these anomalies are also associated with other impact basins, like Crisum. However, 
the distribution of these anomalies does not show a clear correlation with crustal thicknesses (FIGURE 6 
and FIGURE 7), like this occurs partly on Earth and Mars. 

 

 

 

(A) (B) 
 

FIGURE 9. Surface topography (A) and total magnetic field strength (B) of the 550 km wide Crisium impact 
basin (Le Bars et al. 2015). Two prominent anomalies occur in the interior of this basin, where a thick impact 

melt sheet is predicted. The magnetic field strength was derived from the global sequential Lunar-
Prospector-based model. The surface topography is from the Lunar Reconnaissance Orbiter laser altimeter.  

An alternative hypothesis is that impact events might have amplified ambient fields near the antipodes of 
the largest basins. Prominent magnetic anomalies at the northern and southern sector of the Crisium 
impact basin could be related to such an impact scenario (FIGURE 9). However, most lunar magnetic 
anomalies are not associated with such basin antipodes. To investigate this assumption Le Bars et al. (2015) 
proposed a new model for magnetic field generation. It suggests an impact-induced change in the Moon’s 
rotation rate which could have enhanced the dynamo action. Basin forming impact events may have 
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sufficient energy to unlock the Moon from synchronous rotation. This modelled scenario may produce 
surface magnetic field strengths in the order of several microteslas, consistent with palaeomagnetic 
measurements. This theory of Le Bars et al. (2015) is also supported by the observation that six large 
impact basins of Nectarian age are associated with strong magnetic anomalies within their crater (FIGURE 7 
and FIGURE 9). However, the origin of the fields that magnetized the crust and the manner by which the 
surface field strength varied with time are still not very clear. 

 
FIGURE 10. Pole-to-pole cross-section of the interior structure of the Moon based on geophysical 

measurements. Shown are crustal thickness variations and projected moonquake hypocenters along the 
zero-degree meridian together with the possible deep lunar internal structure (Jaumann et al. 2012).  

 

 

FIGURE 11. Highly idealized cross-section through the internal structure of the mega regolith illustrating the 
effects of large-scale cratering on the structure of the upper crust. The given depth scale is highly uncertain 
because regional variations are expected depending on the degree to which the crust has been influenced 

by basin-sized impacts (Hiesinger & Head III 2006; Jaumann et al. 2012). 

2.1.1.3. Exosphere and external magnetic field 
In 2014, the Lunar Dust Experiment (LDEX) onboard the Lunar Atmospheric and Dust Environment Explorer 
(LADEE) was analyzing the signature of charged, sub-micron sized dust grains lofted to altitudes of several 
kilometres above the lunar surface (FIGURE 12 and FIGURE 13). These measurements are also sensitive to 
ambient, low-energy ions including those of lunar exospheric origin. The dust cloud is mainly originated 
from meteoroid impacts which also release argon, neon and helium into the moons exosphere. This has 
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been recently measured by LADEE (Elphic et al. 2014; FIGURE 14). The results show the amount of gas 
species and their diurnal variations as well as the lunar micrometeoroid impact ejecta cloud and its 
temporal variations (FIGURE 13 and FIGURE 14). Spatial and temporal variations of the sodium exosphere 
and dust-related sunlight extinction are further research topics. 

The interaction of charged particles with the lunar surface, the conductivity of the exosphere and related 
magnetic fields are illustrated in FIGURE 12 to FIGURE 16 (Bhardwaj et al. 2015; Futaana et al. 2013). In 
areas with a stronger crustal magnetic field anomaly solar wind protons become deflected and decelerated. 
This can produce a shielding against cosmogenic radiation, like it is illustrated in FIGURE 17 for the case of 
the Gerasimovich anomaly. 

The NASA ARTEMIS (Acceleration, Reconnection, Turbulence, & Electrodynamics of Moon’s Interaction with 
the Sun) mission consists of two probes from the heliosphere constellation THEMIS re-tasked to the Moon 
in 2011. It provides comprehensive measurements of charged particles and magnetic as well as electric 
fields around the Moon from a two-point vantage that enables continuous upstream plasma monitoring. 
While LADEE payload does not include a plasma instrumentation, ARTEMIS measures upstream plasma 
parameters which can be used for modeling-based determinations of plasma quantities around the Moon. 
This includes LADEE orbit and regions covered by UVS scans and those providing the source populations 
ultimately measured by LDEX and NMS. 

 
FIGURE 12. A schematic view of the very dynamic lunar ionosphere (Jasper Halekas from the ARTEMIS 

program). 

 
FIGURE 13. A summary of our current understanding of the processes initiated by the interaction of solar 

wind with the Moon (Bhardwaj et al. 2015). 
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FIGURE 14. Illustrating Lunar Atmospheric and Dust Environment Explorer (LADEE) https://fallmeeting. 

agu.org/2015/files.pdf 

 
FIGURE 15. Relative composition of major species of the lunar exosphere measured by LADEE. 

 
FIGURE 16. LADEsE/LDEX measurements from 15th Sept to 30th Dec, 2014. When lade LADEE orbit was 

lowering the number of recorded events (noise and dust impacts) increased strongly. An unusually high 
frequency of events was observed at the 12th of Nov. This was most likely associated to the Taurids meteor 

stream. The following intense micro-impact period at 13th December was related with the Geminids. 
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FIGURE 17. Solar wind interaction and its relationship to a lunar magnetic anomaly (Bhardwaj et al. 2015): 
The flow of the solar wind protons (blue lines a) becomes modified when it reaches the magnetic anomaly. 

This causes a deflection and the ions reach less magnetic areas on the moon without a change in velocity. A 
deceleration of the ions occurs when they enter areas with a magnetic field above the moon surface due to 
their potential structure of +150 V (blue lines n). Furthermore, heating and reflection to space may occur in 

such areas (blue line c). 

The origin of the Moon’s ionosphere has been also explored by using Chandrayaan-1 radio occultation (RO) 
measurements and a photochemical model (Choudhanz et al. 2016). Observations in July 2009 indicate that 
in the absence of transport, inert ions, in particular Ar+, Ne+, and He+, dominate the lunar ionosphere with a 
density of ∼5 × 104 cm−3. However, the interaction with solar wind leads to a nearly complete removal of 
theses ions (∼2–3 cm−3). The results indicate that the Moon’s exosphere is dominated by molecules (CO2, 
H2O, O, OH, H2, CH4, and CO) in addition to the inert gases (FIGURE 15; e.g. Lue et al. 2014). 

In general, the moon is characterized by a surface bound exosphere with only week and localized crustal 
magnetic fields and thus has been considered as a passive object when solar wind interacts with it. 
However, recent lunar missions (Chandrayaan-1, Kaguya, Chang’E-1, LRO, and ARTEMIS, as well as IBEX) 
have investigated neutral particles and the plasma relationship with solar wind (FIGURE 17). This includes 
the backscattering of solar wind protons as energetic neutral atoms from the lunar surface. This sputtering 
of atoms let to the formation of a “mini-magnetosphere” around lunar magnetic anomaly regions (FIGURE 
15 and FIGURE 16), as well as several plasma populations around the Moon. This includes solar wind 
protons backscattered from the lunar surface and the magnetic anomalies which has been recently 
reviewed by Bhardwaj et al. (2015).FIGURE 18 shows the shielding efficiency of the Gerasimovich anomaly 
as a function of the magnetic field strength during high to low solar wind dynamic pressure. FIGURE 19 
shows profiles of backscattered protons and the solar wind protons for the period a 20 days period in June 
and July 2009. 

Particle sensors onboard of the Chandrayaan-1 lunar orbiter and related simulations by Lue et al. (2015) 
reveal that the reflection of solar wind protons from magnetic anomalies represent a common 
phenomenon on the Moon, occurring even at relatively small anomalies with a lateral extent of less than 
100 km. At the largest magnetic anomaly cluster (with a diameter of 1000 km), an average of ~10 % of the 
incoming solar wind protons are reflected to space. Reflected protons can enter the lunar wake and impact 
the lunar night-side surface. They can also reach far upstream of the Moon and disturb the solar wind flow. 
Proton reflection efficiency from the regolith varies between ~0.01 % and ~1 %, in correlation with changes 
in the solar wind speed. 

For variations of the external magnetic field of the moon first magnetometer measurements showed 
variations between 1 and 50 nT (Purucker et al 2008; with a typical signal noise ratio of 1 and always less of 
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50nT; this point will be more detailed discussed along the project and more information will be provided in 
incoming deliverables). This can be more or less superimposed on remanent crustal magnetic signatures 
which are in the range of 1 to 780 nT (Tsunakawa et al. 2015). Thus we suggest to select areas with low 
crustal remanence for NEWTON measurements of the external field. 

  

(A) (B) 

FIGURE 18. (A) Shielding efficiency as a function of the lunar surface magnetic field strength for the 
Gerasimovich anomaly for high and low solar wind dynamic pressure (Bhardwaj et al. 2015); (B) The 

relationship of the shielding efficiency and different anomaly regions (location 1– location. 

 
FIGURE 19. Profiles of backscattered protons and the solar wind protons during a 20 days period in June to 

July 2009 (Bhardwaj et al. 2015). a) The proton flux profile: the crosses represent backscattered protons 
measured by SWIM/CH-1; the thick line is represents solar wind protons from Wind/Solar Wind Experiment 
(SWE). The fractions −1 and 0.1 % of solar wind proton flux are indicated using thin lines. b) Density and 

speed of the solar wind protons. c) Interplanetary magnetic field from Wind/SWE with intervals having lowest 
and highest solar wind speeds, indicated by shaded fields (Lue et al. 2014). 
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2.1.2. Characteristics of the crust and surface rocks 

2.1.2.1. Rock types with its chemistry, mineralogy and magnetic carriers 
The chemical and mineralogical composition of the moon and its geological history has been in particular 
deduced from the composition, petrography and ages of rock as well as soil samples from the American 
Apollo and Russian Luna missions as well as lunar meteorites which has been ejected from the moon 
surface during impact events and successively accreted on Earth. 

The four minerals plagioclase, pyroxene, olivine and ilmenite constitute >98 wt. % of the crystalline 
components of the lunar crust. They have been probably formed in an extended ancient magma ocean 
(FIGURE 2). The remaining <2 wt.% include potassium feldspar, oxide minerals such as chromite, pleonaste, 
and/or rutile, calcium phosphates, zircon, troilite, and iron metal. Pristine lunar highlands rocks and lunar 
breccias are contaminated with meteoritic debris which often contains minor quantities of the 
ferromagnetic minerals taenite (ɣ-Fe1–xNix with x >~0.05), schreibersite [(Fe,Ni)3P], and cohenite [(Fe,Ni)3C]. 

Three new paramagnetic mineral types have been also detected in lunar rocks: Armalcolit 
((Mg,Fe2+,Al)(Ti2+,Fe3+)2O5, an oxide mineral which was first observed in an Apollo sample and later also on 
Earth; Tranquillityit ((Fe2+)8Ti3Zr2 Si3O24; nesosilicate) which was later also detected in Earth and Martian 
meteorite rocks and is often characterized by REE contents (up to 10 wt.%) and pyroxferroite (Fe-Ca 
inosilicate) which was found in lunar and Martian meteorites. 

Lunar surface rocks contain sometimes a high proportion of non-crystalline glassy material. Quartz, calcite, 
magnetite, hematite, micas, amphiboles, and different sulfide minerals are rare or have not been detected 
in lunar samples whereas they are most common in many surface rocks of the Earth. Also distinct to the 
Earth, hydrous minerals, like micas and amphibole, have not been found on the Moon. Most of the lunar 
crust is composed of more or less plagioclase-bearing intrusive rocks which can be classified as anorthosites 
as well as some gabbros and norites. These magmatic rocks are partly overlain by basaltic effusive rocks 
(which could be often classified as basanites in a TAS diagram). Based on radiometric dating and impact 
crater chronologies the have been formed between 3.9 to 1 Ga and therefore later than most rocks of the 
anorthositic crust. Mare basalts cover around 15% area of the moon's surface, in particular at lower 
elevations, like large impact basins. The ratio of iron-bearing minerals (e.g. pyroxene, olivine) to plagioclase 
seems to increase at lower elevated sites. For example, rocks from previously deeper crustal units exposed 
in the giant South Pole - Aitken impact basin on the far side are richer in mafic silicate minerals. This 
indicates a density related separation of phenocrystals in the ancient magma ocean (FIGURE 22). 

Lunar breccia include most variable contents of impact-related glass(melt), meteorite and surface rock 
fragments as well as explosive volcanic products and regolith fragments (FIGURE 11 and FIGURE 20). The 
relative contribution of these components reflects the regional distribution of distinct surface rocks and 
their geological history. Since the lunar crust has been intensely chopped by very frequent impacts only 
very few rocks which have been collected during the Apollo missions represent unbrecciated remnants of 
the early lunar crust. 
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FIGURE 20. Photomicrograph (crossed polarizers) of a thin section of an impact-melt breccia, Apollo 16 

sample 65015. The light-colored clasts are mainly grains of plagioclase. Poikiloblastic pyroxene grains are 
also evident. Field of view: 3.3 mm. (Photo by Brad Jolliff). 

On Earth, magmatic rocks are classified in a first order after the SiO2 contents, since it varies widely from 43 
to >76 wt.% among different rock types. In contrast, lunar rocks only span a narrow range in SiO2 contents 
from 43 to 47 wt. %. Since the Al2O3 contents vary by a factor of more than 3, it is more useful to use 
aluminium instead SiO2 for a chemical classification of lunar rocks (FIGURE 21). As introduced above lunar 
rocks are composed of only few minerals and thus have predictable chemical compositions. Nearly all the 
aluminium is in plagioclase and nearly all the iron and magnesium are in pyroxene, olivine, and ilmenite. 
Therefore, all lunar meteorites and most Apollo rocks from the moon plot along the same line in a diagram 
of FeO plus MgO contents versus Al2O3 concentration (FIGURE 21). This line is connecting the composition 
of plagioclase and the average composition of the three iron-bearing minerals (pyroxene, olivine and 
ilmenite) and is characteristic for lunar rocks reflecting different proportions of the above mentioned 
phenocrystals. The average composition of the Earth, ordinary chondrites and tektites do not plot along 
this line. In the latter meteorites different Fe/Mg ratios result from more or less of iron-nickel contents. 

 
FIGURE 21. Chemical variations of FeO and MgO versus Al2O3 of lunar rocks compared to ordinary 

chondrites and the average Earth crust. http://meteorites.wustl.edu/lunar/howdoweknow.htm. 
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FIGURE 22. Lunar map with surface contents of FeO for the near side (left) and far side (right) after 

Richmond and Hood (2008). Maria areas with basalts are characterized in red or white. Areas of feldspar-
rich highlands (anorthosites), KREEP basalt formation and the South Pole Atkins basin (SPA) where higher 

iron contents may be related to iron meteorite fragments are indicated. 

 
FIGURE 23. Lunar Prospector Map of the thorium content on the near side (left) and far side of the Moon 

(right) from Spudis, P. 2015 (www.spudislunarresources.com/Images_Maps/global%20Th.jpg). 

The concentrations of the alkali elements (potassium, sodium, rubidium, and caesium) and other 
incompatible elements are 10 to 100 times lower in lunar than in terrestrial rocks. The trace elements 
samarium and thorium behave also as incompatible during the crystallization of the above mentioned 
phenocryst in the lunar magma ocean and thus have become concentrated in minor accessory minerals 
often during late crystallization stages which partly formed the Mare basalts (FIGURE 23). 

As crystallization of the lunar magma ocean proceeded, denser olivine and pyroxene phenocrystals sank 
down and formed a cumulate-like lunar mantle (FIGURE 2 and FIGURE 24). After about 75 vol. % 
crystallization of the magma ocean, anorthositic plagioclase started to crystallize. Since plagioclase had a 
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lower density than the magma, it floated and formed an anorthositic upper crust. This is distinct to the 
behaviour of plagioclase on Earth where it is in general denser than a magma and thus forms cumulate 
bodies. Importantly, elements that are incompatible (i.e., those that are preferentially partitioned into the 
liquid phase) would have been progressively enriched in the magma as crystallization progressed and 
formed a KREEP-rich magma (KREEP = an acronym for K, REE and P rich magmas) which is also enriched in 
other incompatible elements. 

 
FIGURE 24. Illustration of magmatic differentiation within the lunar crust and mantle (Elardo et al. 2011): a) 
Early formed olivine settles down. b) Overturn with accumulation of Fe-rich minerals in the lower mantle and 

upwelling of MG-rich minerals and c) Shallow source formation of Mg-suite plutons and a KREEP layer. 

Only basaltic rocks collected on Maria by the Apollo astronauts still are un-brecciated basalts (FIGURE 25), 
indicating that they have been formed after the major period of the bombardment. These lunar mare 
basalts, as well as basaltic meteorites from Mars, bear similarities to basalts from Earth, like that of 
Lanzarote and Pali Aike volcanic fields (see section 2.1.3). 

Fine-clastic sedimentary rocks with more and less organic components, like that of the Earth, are absent on 
Mars. Fragmental and regolith breccias are the closest lunar analogues to terrestrial sedimentary rocks. 
Fluvial sorting processes of grain sizes and minerals with different densities, like that on Earth and Mars, 
have not been formed on the Moon due to missing water and wind as well as a very weak gravity. Lunar 
rocks also don't contain carbonate minerals or abundant quartz, as do most terrestrial sedimentary rocks. 
Only some very fine-grained clayey components may have been reworked by very limited wind action. Thus 
known lunar rock does not show layer formation and sortation processes as it is typical for many terrestrial 
clastic sedimentary rocks. 

The lunar surface has been exposed to collisions with very small up to very large asteroidal and cometary 
materials during > 4 Ma. These impact processes have decomposed and partly pulverized the surface 
minerals and rocks. This led to the formation of a fine grained regolith layer (FIGURE 20). Its thickness 
varies between 2 meters on the younger Maria and up to 20 meters above the oldest surfaces of the lunar 
highlands. The regolith contains fragments of rocks and minerals from the original bedrock, and glassy 
particles formed during the impacts. The chemical composition of the regolith varies according to its 
location from aluminium- and silica-rich in the highlands up to iron and magnesium-rich as well as silica-
poor in Maria areas. Thus lunar regolith and breccias are temporal archives of magmatic and impact 
bombardment processes on the Moon. Apollo 16 sample 60016 is an old feldspathic regolith breccia which 
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was converted from a soil to a rock ~3.8 Ga ago (FIGURE 26). Besides fragments of plagioclase, pyroxene, 
and olivine, the breccia contains Fe-oxide phases which is important for its magnetic properties. Mineral 
chemistry, synchrotron X-ray absorption near edge spectroscopy and X-ray diffraction studies demonstrate 
that the oxide phase is magnetite (Joy et al. 2016) indicating that oxygen fugacities during formation were 
equilibrated at, or above, the Fe-magnetite or wüstite-magnetite oxygen buffer. This discovery provides 
direct evidence for oxidizing conditions which may have been related to vapor transport during degassing 
of a magmatic source region, or from a hybrid endogenic-exogenic process when gases were released 
during asteroid or comet impacts. Even today LADEE experiments have measured oxygen as minor gas 
species in the lunar exosphere (FIGURE 15). 

  

(a) (b) 

FIGURE 25. Mare basalts of Apollo 11 sample 10049 (a) and Apollo 15 sample 15556 (b) with vesicular 
texture from gas bubbles in the magma. (NASA photos S76-25456 and S71-45240). 

  

(a) (b) 

FIGURE 26. Lunar regolith breccia sample 60016 from Apollo 16. (a): 18 cm wide sample exposed at the 
Curatorial Laboratory of NASA Space Center in Houston (NASA photo S84-40920) containing clastic 

fragments of older crustal rocks; (b): 1.5 mm wide photomicrograph of a thin section which documents high 
abundances of clastic fragments plagioclase (photo by Brad Jolliff). 

The lunar landscape is in particular characterized by impact craters and their ejecta. Crater sizes range from 
tiny pits to that of the immense South Pole–Aitken Basin with a diameter of nearly 2,500 km and a depth of 
13 km (FIGURE 3, FIGURE 5 and FIGURE 7). The largest impact basins were formed during the Pre Nectarian 
and Nectarian periods and produced sheets of molten rocks that covered portions of the surface up to a 
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one kilometre thickness. Examples of such impact melt can be seen in the north-eastern part of the Mare 
Orientale impact basin. They have been successively overlain by smaller craters. Impact cratering excavated 
often high albedo anorthositic materials. However, space weathering processes gradually decreases the 
albedo of this material with time (FIGURE 27). Gradually the crater and its ejecta underwent a further 
alteration by micrometeorites and smaller impacts. This weathering process softens and rounds the 
features of the crater. 

 

 
FIGURE 27. Lunar surface weathering processes controlled by micrometeorite bombardement, cosmic and 

solar rays and solar wind implantation 
(https://en.wikipedia.org/wiki/Space_weathering#/media/File:Weatheringcartoon.jpg). 

Lighter high albedo surfaces represent lunar highlands while darker plains of the “Maria” have low-albedo 
surfaces covering nearly a third of the near side. The highlands are anorthositic in composition, whereas 
the Maria are basaltic. The "Maria" often coincide with the lowlands, but it is important to note that the 
lowlands (such as within the South PoleAitken basin) are not always covered by Maria. The highlands are 
older than the Maria areas and hence are more heavily cratered. 

The ages of the mare basalts have been determined both by direct radiometric dating of lunar samples and 
by crater counting. The oldest radiometric ages are about 4.2 Ga, whereas the youngest ages determined 
from crater counting are about 1 Ga (1 Ga = 1 billion years). Volumetrically, most of the basalts have been 
formed between about 3 and 3.5 Ga before present. The youngest lavas erupted within Oceanus 
Procellarum, whereas some of the oldest appear to be located on the far side. Maria are clearly younger 
than the surrounding highlands given their lower density of impact craters. Besides an effusive volcanic 
activity, the existence of pyroclastic eruptions and their associated more or less darky pyroclastic deposits 
have been confirmed by the discovery of glass spherules similar to those found in pyroclastic eruptions on 
Earth. A variety of shield volcanoes, such as on Mons Rümker (1100 m high and 70 km diameter) have been 
observed on the lunar surface. They are believed to be formed by relatively viscous, possibly silica-rich lava, 
erupting from localized vents. The resulting lunar domes are wide, rounded, circular features with a gentle 
slope rising in elevation a few hundred meters to the midpoint. 

2.1.2.2. Expected magnetic susceptibilities of exposed rocks 
Possible future magnetic exploration on the lunar surface rocks with our NEWTON instrument will include 
measurements of real and imaginary susceptibilities with a relatively high spatial resolution at a centimetre 
scale. As described in the previous section 2.1.2.1, the major lunar rock types include basalts with different 
alkalinities and plutonic rocks with variable contents of diamagnetic plagioclase as well as paramagnetic 



 
D2.1 - Definition of instrument requirements and 

architecture. Design guidelines 
 

                                     
                                     
NEWTON 
Grant agreement no: 730041 Page 25 of 112 10 Mar. 17 

 

orthopyroxene, clinopyroxene, olivine and ilmenite. Different to the Earth, ferromagnetic magnetite is very 
rare and occurs only in very few rocks with very low proportion. Chondrites and iron meteorites show the 
highest bulk magnetic susceptibilities of lunar rocks (FIGURE 8; Wieczorek et al. 2012). Luna breccia and 
regolith often contain more or less tiny fragments of Fe-Ni meteorites which can be responsible for 
significant local variability of bulk rock susceptibilities. 

In general, magnetic susceptibilities of whole rock represent the sum of the proportions of the different 
minerals which compose a rock and their individual susceptibilities. In this context we have compiled 
referenced susceptibilities of different possible minerals of lunar rocks in an excel sheet which should help 
to deduce rock mineral compositions from bulk magnetic susceptibilities (details in section 3). In particular, 
bulk magnetic susceptibilities of rocks are controlled by the type and amount of its magnetic and often 
iron-bearing mineral constituents and thus also depends on the bulk chemistry. For example an increased 
iron content of a rock is also often associated with increased susceptibilities. Often the amount of 
ferromagnetic magnetite with susceptibilities of 1200 to 19,200 SI units is the most important mineral 
constituent controlling the bulk rock susceptibilities. The increase of the magnetite content from 0.1 to 10.0 
wt.% increases the bulk susceptibilities by four orders of magnitude as illustrated in FIGURE 28. However, 
magnetite is scares or absent in most lunar rocks. But antiferromagneticilmentite with susceptibilities of 
1800 SI units is a very important constituent (up to 13 vol. %) in lunar rocks (Rochette et al. 2010). 
Ferrimagnetic pyrrhotite has similar susceptibilities as ilmenite, but occurs only to a minor extend in some 
lunar rocks. Besides these highly magnetic minerals, paramagnetic mafic minerals, like olivine and 
pyroxenes, represent major components of lunar rocks (10 to 80 vol. %) and thus contribute more or less to 
bulk susceptibilities of lunar rocks. Diamagnetic minerals, like calcite and quartz, are also rare, while 
plagioclase occurs at most variable proportions (10 to 90 vol. %). Thus plagioclase-rich anorthosites may 
have significantly lower susceptibilities as gabbros or norites. 

Magnetic susceptibilities of Apollo and Lunar mission samples as well as meteorite rocks on Earth which 
derived from the moon have been determined by Macke et al. (2011) and Rochette et al. (2010). Some of 
their results are given in TABLE 1 and illustrated in FIGURE 29 and FIGURE 30. The log χ-values range from 2 
to 5 (approx. >10 to >10 000 SI units). The values often increase with higher rock densities and less porosity 
as well as lover grain sizes. Interestingly, impact breccia often shows higher values than Mare basalts, since 
they contain Fe-Ni meteorite fragments. More details on magnetic susceptibilities are given in the data 
compilation of section 3. 
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TABLE 1. Magnetic properties of different lunar rocks with standard deviations (s.d.) and sample numbers 
(N) (Rochette et al. 2010). 

 logΧ s.d. N LogMrs s.d. N 
Apollo (after Fuller and Cisowski, 1987) 
Soils (excl. orange) 4.39 0.20 18 1.69 0.24 18 
Regolith breccia 4.25 0.33 15 1.58 0.43 16 
Other breccia 3.48 0.44 31 0.55 0.38 31 
Mare basalts (excl. 14053) 3.01 0.25 23 -0.08 0.30 24 
Lunar 24 (after Pillinger et al. and Stephenson et al. 1978) 
Solid fractions 4.06 0.26 27 1.56 0.27 27 
Rock fragments 3.19 0.27 15 0.41 0.37 19 
Agglutinate 4.11 0.35 25 1.76 0.45 25 
Meteorites 
All 3.07 0.59 37 0.37 0.60 9 
Highland high 3.65 0.22 9 1.20 0.44 2 
Highland low 2.41 0.26 11 0.06 0.43 4 
Mare basalts 2.88 0.10 5 0.50 0.50 2 
Mafic breccia 3.33 0.46 12 0.30  1 

 

 

 
FIGURE 28. Magnetic susceptibilities of various rocks which partly also occur on the moon 

(http://em.geosci.xyz/_images/figMagSuscTable.png). 
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FIGURE 29. Magnetic susceptibilities of different lunar rocks and its relationship to grain densities (Macke et 

al. 2011). 

 
FIGURE 30. Grain size dependence of magnetic susceptibility (log χ with χ in 10−9 m3kg−1) for near-surface 
samples of Luna 16, 20 and 24 (Rochette et al. 2010); fractions for Luna 16–20 are different from the ones 

indicated (for Luna 24). 

2.1.2.3. Remanent magnetic signatures 
Weiss & Tikoo (2014) wrote in an extended review in Science  that “The next phase of lunar magnetic 
exploration will be to obtain more accurate measurements of field paleointensities and to determine when 
the dynamo initiated and finally disappeared. The eventual availability of absolutely oriented samples and 
in situ measurements of bedrock should enable the first measurements of the paleo-orientation of lunar 
magnetic fields. Such vector data could determine the lunar field’s geometry as well as type and frequency 
of reversal, as well as constrain ancient local and global-scale tectonic events”. 

Future in situ measurements of the lunar vector magnetic anomalies with our NEWTON instrument will be 
able (1) to show paleodirections, (2) to differentiate possible compositional variation of surface rocks, (3) to 
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determine the amount and type of their magnetic carriers and (4) to give an integrated signal of underlying 
crustal rocks which include more or less Mare basalts as well as anorthosites, provided that these rocks are 
older than 3.3 Ga and were originally magnetized by an active dynamo (see section 2.1.1.2) and not 
affected by later demagnetization (in particular by impacts). Besides the previously mentioned typical 
crustal rocks, regolith and lunar breccia often forms a several meters thick uppermost layer which can 
include highly magnetic iron derived from redistributed impact material. In addition, local deposits of 
chondrite and iron meteorite impact material may be characterized by very strong remanent signatures 
(FIGURE 8; Wieczorek et al. 2012). 

 
FIGURE 31. Mapping results of three components and total intensity at the surface for the northwest region 
of the South Pole-Aitken basin. KG: Kaguya dataset in the left column, and LP: Lunar Prospector dataset in 

the right column  from Tsunakawa et al. (2014). 

 
FIGURE 32. The three components and total intensity of the lunar magnetic anomalies on the surface. The 

grid lines are at 30° intervals of latitude and longitude (Tsunakawa et al. 2015). 

Tsunakawa et al. (2015) provided global surface vector maps of the lunar magnetic anomalies calculated 
from 5 million measurements of the lunar magnetic field between 10 and 45 km altitudes by Kaguya and 
Lunar Prospectors (FIGURE 30). They were mapped at 0.2° equi-distance points and show the highest 
intensity of 718 nT in the Crisium antipodal region. Elongated magnetic anomalies are likely to be dominant 
on the Moon except for the young large basins with the impact demagnetization, like that of Hertzsprung 
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and Kolorev craters on the far side (FIGURE 33). The four craters Leibnitz, Aitken, Jules Verne, and Grimaldi 
show well-isolated central magnetic anomalies for which a dipole source approximation suggest that a 
polar wander occurred prior to 3.3–3.5 Ga. Tsunakawa et al. (2015) conclude that surface vector maps are 
useful to study lunar magnetic anomalies in comparison with various geological and geophysical data. 
Although their maps have comparatively high resolution, the magnetic signatures integrate several square 
kilometers (FIGURE 33 and FIGURE 34). Thus it is most likely that future in situ measurements of the 
magnetic intensities on the moon surface will include much stronger local magnetic anomalies of up to 
several thousand nT. 

  

(a) (b) 

FIGURE 33. (a) shows the topography in the area of the Hertzsprung and Korolev craters; (b) shows the total 
magnetic field on the surface. The white lines on this map indicate height contours at 1 km intervals 

(Tsunakawa et al. 2015). 

 

 
FIGURE 34. Cross sections along 19°S for the Orientale basin with a brown line for the relative altitude and 

a blue line for the total magnetic intensity (Tsunakawa et al. 2015). 

Several published magnetic intensity experiments with lunar samples suggest a multi-component behaviour 
and a complex magnetization. In this context a particular problem and future challenge is to characterize 
the effects of shock events on the magnetization. As relative paleointensity measurements for lunar 
samples are calibrated, the lack of acceptable absolute measurements renders the interpretation of relative 
paleointensity measurements (Fuller 2013). 

Kletetschka et al (2016) have investigated the magnetic memory of lunar samples in detail: Apollo sample 
15405 was fragmented into ~17 sub-specimens and one thin section. Five samples showed magnetic noise, 
three showed induced terrestrial magnetization, and nine showed the potential paleofield. Eight samples, 



 
D2.1 - Definition of instrument requirements and 

architecture. Design guidelines 
 

                                     
                                     
NEWTON 
Grant agreement no: 730041 Page 30 of 112 10 Mar. 17 

 

including one thin section, indicated a field between (10-100 µT). One subsample suggests a field 
approaching 1 mT. Sample 15445 yielded 8 sub-samples and one thin section which have been investigated 
magnetically. One sample contained dust as a control for magnetic noise. Five samples, including the thin 
section have been characterized only magnetic noise. Two samples with the largest masses provided the 
maximum limit from IRMs normalization of 80 µT along with a viscous component. 

Two thin sections of samples 15405 and 15445 have been analyzed to obtained information of the 
magnetic sources residing under the magnetic anomalies (Kletetschka et al. 2016). Additionally, in situ 
magnetic coercivities of magnetic sources have been estimated. Sample 15445 is magnetically soft and 
reversed its magnetization at about 15 µT. In contrast, sample 15405 was magnetically much harder 
requiring a magnetic field of about 75 µT to reverse its magnetic moment. 

SEM investigation of sample 15445 indicated that magnetic signal is stored within iron nickel magnetic 
carriers. 15405 showed two types of magnetic carriers. One was related to coarse-grained iron as part of 
the coarse grained breccia. Stable magnetic sources requiring 75 µT are formed by fine-grained iron grains 
in submicron material contained within the breccia. 

 

  

(a) (b) 

FIGURE 35. Saturation remanence (logMrs with Mrs in 10−3 Am2/kg−1) versus magnetic susceptibility (logχ 
with χ in 10−9 m3kg−1) for the Luna 24 samples (Rochette et al.2010): (a) sized fractions of Pillinger et al. 
(1978); and (b) single grains N1 mm studied by Stephenson et al. (1978) on rocks (closed symbols) and 

agglutinates (open symbols) separating the different levels. The trend of (a) is reported, together with mean 
values for the different Apollo lithologies (see TABLE 1). 

2.1.3. Terrestrial analogues 
Terrestrial basaltic volcanic fields with lava sheets as well as different more and less explosive volcanic 
edifices and distinct deposits represent very good analogue sites for lunar mare areas, in particular in arid 
areas with restricted soil cover of the rocks. For example the Pali Aike volcanic field has been successfully 
used to test the MOURA Martian magnetometer (Diaz-Michelena et al. 2016). The Lanzarote volcanic field 
provides another less remote terrestrial analogue and thus has been selected as test site within the 
NEWTON project (Troll & Carracedo 2016; FIGURE 36 to FIGURE 39) and first magnetic transects and 
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sampling has been done at three craters (Coraconcillo, Montaña del Fuego y Mazo) during NEWTON project  
from 20th to 24th of February 2017. 

 
FIGURE 36. The Timanfaya volcanic field of Lanzarote with craters aligned along a fissure and formed 

during the 1730-1736 eruption period. 

 
FIGURE 37. Volcanic rock deposits within the Tinguatón crater formed in 1824. 

 

 
FIGURE 38. The Tinguatón crater field of Lanzarote. 
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FIGURE 39. The Caldera Blanca on Lanzarote Island with its white crater walls which are composed of 
rhyolitic pyroclastic material thus contrasts to the dark basaltic volcanic field. Glass fragments of these 
pyroclastic deposits may be similar to glass formed by impact-related melting on the lunar surface and 

successively deposited in lunar breccia and regolith. 

Analogues for lunar highlands should include feldspar-rich plutonic rocks and in particular anorthosites. 
Different intrusive rocks crop out within the Variscican Orogenic belt in the Iberian Peninsula (FIGURE 40). 
Possible test sites for NEWTON instrument include outcrops of more and less feldspar-bearing Palaeozoic 
intrusive rocks in the Cordillera Guadarama ~65 km northwest of Madrid. Their appropriateness has been 
considered during a field excursion by M. Diaz-Michelena and R. Kilian in Nov. 2016. However, most of 
these rocks are dominated by K-feldspar and include only few plagioclase. Thus the consortium is trying to 
find also anorthosite/bearing cumulate rocks. The selected possible analogue sites for lunar highlands, 
where both remanent magnetic signatures as well as magnetic susceptibilities can be measured, are 
illustrated in FIGURE 41 to FIGURE 44. 

 
FIGURE 40. a) Geological map of the of the Paleozoic orogenic belt with I- and S-tpe granitoids as well as 
sedimentary and metamorphic rocks north of Madrid, b) distribution of the major lithological units of the la 

Pedriza intrusive complex. c) Perfile illustrating the emplacement stages of the Pedriza plutons (Pérez-Soba 
& Villaseca, 2010). 



 
D2.1 - Definition of instrument requirements and 

architecture. Design guidelines 
 

                                     
                                     
NEWTON 
Grant agreement no: 730041 Page 33 of 112 10 Mar. 17 

 

 
FIGURE 41. Geological map showing the outcrop of different feldspar-rich granitoid rocks northeast of 

Puerto Navacerrada. 

 
FIGURE 42. Google Earth of the Cabeza del Hierro which is characterized by a slight crustal magnetic 

anomaly. 

 
FIGURE 43. Outcrops along the road from Rascafria towards Mira-flores; 3 km north of the pass. 

 
FIGURE 44. Basaltic dikes within a granitoid rock exposed at Charca Verde (La Pedriza). 
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2.2. MARS 

2.2.1. Formation history and its global magnetic characteristics 

2.2.1.1. Geological history 
The northern and southern hemispheres of Mars show very different topographical, geomorphologicaland 
geological features. This dichotomy of the planet is characterized by an enormous topographic depression 
in the Northern hemisphere where about 33 % area of the planet lies 3–6 km lower in elevation than most 
of the southern highlands (FIGURE 45; Andrews-Hanna et al. 2008; Marinova et al. 2008; Bouley et al. 
2016). These areas are also characterized by difference in impact crater density and crustal thickness. To 
the south of the dichotomy boundary the southern highlands have been heavily cratered during the 
Noachian and Pre-Noachian periods, whereas the northern lowlands have only few large craters and are 
characterized by a very smooth and flat morphology. Topographic and geophysical gravity data suggest a 
crustal thickness of up to 58 km for the southern highlands, whereas the crust of the northern lowlands 
only has up to 32 km thickness. Import in the context of future magnetic research is that the southern 
highlands show significant magnetic anomalies which have been formed during the Noachian epoch 
between 4.3 and 3.9 Ga (e.g. Arkani-Hamed & Boutin 2012). Explanations for the origin and age of the 
hemispheric dichotomy is still a matter of discussion: One hypothesis indicates that the dichotomy was 
produced by a mega-impact event or several large impacts early in the planet’s history (exogenic theories; 
e.g. Marinova et al. 2008). This could explain the missing magnetic signatures due to an impact-induced 
demagnetization, if the impact(s) occurred after the decease of the dynamo (Lillis et al. 2013). The second 
types of theories suggest that the crustal thinning of the northern hemisphere was produced by mantle 
convection and overturning or by other endogenic processes. A third classes invokes the thickening of the 
southern hemisphere by some other endogenic processes (e.g., a different composition as suggested by 
Quesnel et al., 2009). 

 

 
FIGURE 45. Topographic map ofthe Mars with the Martian Dichotomy Boundary as well as the Tharsis Rise 

large impact basins (MOLA, NASA). 
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FIGURE 46. Geological map of Mars with its major epochs: Pre-Noachian, Noachian, Hesperian and 

Amazonian. 
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The evolution and geological characteristics of the interior of Mars has been deduced from global physical 
data (gravity magnetism) and the composition of different types of meteorites which have been found on 
the Earth but originated from Mars ( due to their  noble gas contents). In addition, Equations of State and 
high pressure experimental studies have been important to characterize the mineralogy and structure of 
the mantle and core (e.g. Bertka & Fei 1997). 

The implication from these different sources have been summarized by Taylor & Martel (2012): As FIGURE 
47 illustrates, the uppermost mantle of Mars consists of olivine and pyroxene, and a minor amount of 
garnet (shaded green). This mineralogical composition is similar to that of the upper mantle of the Earth 
and also comparable to the lunar mantle (section 2.1.1). The Mars mantle and parts of the crust have also 
been formed by crystallization and differentiation from a magma ocean. But in contrast to the Moon, low-
density minerals did not form on Mars until quite late crystallization stages. Therefore no anorthositic crust 
has be formed by floatation feldspar. Similar to the Earth most of the martian crust has been formed by 
magmatic processes, but distinct to the Earth most of the present day martian crust has been formed very 
early during the Noachian period. 

At a depth of about 1100 to 1300 km in the Mars mantle, the olivine begins to convert to a denser gamma-
spinel. At this mineralogical transition garnet and pyroxene convert to majorite. At higher pressures there is 
a relatively abrupt transition at 1850 km (shaded black in FIGURE 47) to a mixture of perovskite (which is 
chemically a mixture of MgSiO3 and FeSiO3) and magnesiowustite (a mixture of FeO and MgO).  

The metallic core (shaded gray in FIGURE 47) begins at about 2000 km depth and continues up to the 
center at a depth of 3390 km. This useful view is by necessity simplified as it assumes a uni-form chemical 
composition for the mantle, but meteorites tell us that the mantle is heterogeneous. It also does not render 
the large uncertainties associated to these estimates. For instance the radius of the core lies between 1300 
and 1900 km, depending on the way and data used by different authors. This state shall be improved soon 
when the InSight mission lands on Mars (beginning of 2019, Jakosky et al., 2015). 

 

 
FIGURE 47. Geological map of Mars with its major epochs: Pre-Noachian, Noachian, Hesperian and 

Amazonian. 

Interestingly, cosmochemical studies of martian meteorites indicate that there are two compositionally-
distinct regions in the mantle formed 4.5 billion years ago which remained widely unchanged since 4 Ga 
despite widespread volcanism and mantle melting processes Taylor & Martel (2012). These data indicate at 
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least two chemically and mineralogically distinct reservoirs in the Martian mantle which, however, includes 
some intermediate compositions (TABLE 2 and FIGURE 48).  

TABLE 2. Major characteristics of martian mantle reservoirs (Taylor & Martel 2012). 

Enriched Reservoir 

high La/Yb 
low Sm/Nd (-ɛNd) 
high Rb (high 87Sr/86Sr) 
oxidized 

Depleted Reservoir 

low La/Yb 
high Sm/Nd (+ɛNd) 
low Rb (low 87Sr/86Sr) 
reduced 

 

 
FIGURE 48. 142Nd/144Nd versus 147Sm/144Nd diagram (compiled after Taylor & Martel 2012) for whole-rock 

analyses of shergottites (blue, green, and red circles) and nakhlites (turquoise circles). The horizontal axis is 
really just the elemental ratio of Sm to Nd in different matian rock types. The y-axis is the abundance of 

142Nd, which is the decay product of short-lived (103 million year half-life) 146Sm, normalized to the amount of 
Nd in the rock. The linear correlation among the shergottites (everything but the turquoise circles) indicates 
that the 142Nd was a decay product of Sm. The data fall on a line that define an age of 4.52 Ga, indicating 

that these source regions in the Martian mantle formed very early in the planet's history. 

The distinct Sm/Nd ratios of distinct martian meteorites, coupled with the other differences such as 
oxidation state and La/Yb (TABLE 2, FIGURE 49), demonstrate that there are at least two source regions 
that produce shergottites, with another intermediate between them (e.g. Taylor & Martel 2012).  
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FIGURE 49. Cartoon illustrating the origin of the different major mantle sources: Dense, garnet-bearing 

eclogite plays a role in producing mixed shergottite source regions in the Martian mantle (e.g. Taylor & Martel 
2012). The enriched source might represent early basaltic magmas that were buried at the bottom of the 

growing crust, forming eclogite. (Meteorite names are shown in black). 

 
FIGURE 50. FeO concentrations of different Martian rock types as determined (Taylor & Martel 2012). Note 
that all entries are much greater than the typical composition of mid-ocean ridge basalts on Earth (about 10 

wt. %) and the FeO concentration in the bulk silicate Earth (about 8 wt.%). On the bottom histogram, the 
Gusev rock data are only for rocks that were analyzed after grinding with the Rock Abrasion Tool (RAT) on 

the Mars Exploration Rovers Spirit and Opportunity. The soil data shown are averages for landing sites. 

As still described in section 2.1.2.1, the quantity and distribution of iron-bearing minerals is very important 
for the magnetic properties of rocks, in particular with respect to its magnetic susceptibilities. The high FeO 
on the Mars surface corresponds to high iron content in the interior, since iron does not strongly 
concentrate in either magma or solids. Using the ratio of manganese to iron in Martian meteorites, Wänke 
and Dreibus 1988 (that the Martian interior contains 18 wt% FeO (FIGURE 50). Jeff Taylor's analysis using 
the same approach but with many more Martian meteorite analyses indicates the same value. However, 
other approaches based on terrestrial analyses and experiments indicate that the Martian interior might 
average about 15 wt.% FeO. Geophysical data are consistent with an iron content in that range, which is 
still about double that of Earth. 
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The Wänke-Dreibus Mars composition indicates an Mg/(Mg+Fe) value of 75 mol%; if FeO is lower, around 
15 wt%, then the Mg/(Mg+Fe) value would be closer to 80 mol%, still much smaller than in Earth, about 89 
mol%. This has important implications for melting inside Mars, because rocks with lower Mg/(Mg+Fe) melt 
at lower temperatures than those with higher values, if the other factors controlling the solidus are equal. 
This could explain why Mars had volcanic activity throughout billions of years without refertilization of its 
mantle, like it is the case on Earth. 

The abundances of volatile elements seems to be greater in Mars than in Earth. The water contents in 
Martian meteorites indicate that interior H2O is about the same as in Earth (Francis McCubbin and 
colleagues at the University of New Mexico). However, we do not know Earth's bulk water content very 
well. The terrestrial mantle has regions that are much wetter than others, particularly in subduction zones 
were one tectonic plate slides beneath another. 

Major geological features of Mars are described in the following: 

Volcanic activity on Mars started before  4.1 Ga and proceeded during most of its geological history with 
some spatial and temporal variations. The latest large-scale activity with a caldera formation ended 
approximately 150 Ma in the Tharsis region (Bouley et al. 2016; Robbins et al. 2011) which represents a 
huge volcano-tectonic province in the western Mars hemisphere (FIGURE 45, FIGURE 51 and FIGURE 52). 
The elevated structure has a diameter of thousands of kilometers and covers up to 25 % of the planet’s 
surface with an average altitude of 7–10 km above datum (Martian "sea" level). It represents the largest 
known volcanic complex our Solar System. Bouley et al. (2016) and others suggested that this huge gravity 
anomaly caused a True Polar Wander of around 20° during the Late Hesparin to Amazonian epoch (FIGURE 
51). 

 
FIGURE 51. False-colour relief map of the Tharsis region calculated from the Mars Orbiter Laser Altimeter 

onboard NASA’s Mars Global Surveyor spacecraft. The Tharsis Montes are the three aligned volcanoes left 
of centre. Olympus Mons sits off to the northwest. The oval feature in the north is Alba Mons. The canyon 

system Valles Marineris stretches eastward from Tharsis; from its vicinity, outflow channels that once carried 
floodwaters extend north. Image Credit/Caption: Wikipedia. 
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FIGURE 52. Illustration of a True Polar Wander (TWP)of about 20° driven by a late growth of Tharsis 

contemporaneous with valley network incision (Bouley et al.  2016). Paeleofield orientations of the Mars 
surface rocks as measured in situ during future missions with NEWTON instrument will be able to document 

whether such a TPW took place and when: a) During the Early Noachian period, the planet was initially 
oriented such that the dichotomy was parallel to the equator. b) during the Noachian and the Early Hesperian 
periods, contemporaneous with the growth of Tharsis, a valley network was formed in a tropical band and c) 

during the Hesperian the prolonged magmatic activity at Tharsis caused a slow TPW and this changed 
Tharsis position close to the present equator after the end of most of the fluvial activity. 

Tharsis volcanoes includes the huge shield volcano Olympus Mons (FIGURE 53 and FIGURE 54) lies at the 
western edge of this province. The multiple and extreme high magma production rates of the Tharsis region 
has induced a tremendous stress on the planet's lithosphere. This led to the formation of very large 
extensional fracture zones, like grabens and rift valleys, extending halfway around the planet (FIGURE 55). 
The Elysium volcanic complex is a comparatively smaller volcanic centre (about 2,000 kilometres west of 
Tharsis). 

 
FIGURE 53. Olumpus Mons. 

 

 
FIGURE 54. Relative sizes of Olympus Mons, Mouna Loa of Hawei and the Everest above their basements 

(http://www.earth-of-fire.com/mars-tharsis-volcanic-province-olympus-mons.html) 



 
D2.1 - Definition of instrument requirements and 

architecture. Design guidelines 
 

                                     
                                     
NEWTON 
Grant agreement no: 730041 Page 41 of 112 10 Mar. 17 

 

Several large circular impact basins are present on Mars. The largest one is that of Hellas in the southern 
hemisphere (FIGURE 45 and FIGURE 46). The central part of the basin (Hellas Planitia) has a diameter of 
1,800 km and a basin floor lying 8 km below datum (lowest Martian surface. It is surrounded by a broad rim 
structure characterized by closely spaced rugged irregular mountains, which probably represent uplifted, 
jostled blocks of old pre-basin crust. The basin floor contains thick sedimentary deposits which documents 
a long geologic history of deposition, erosion, and internal deformation. The Argyre (800 km in diameter) 
and Isidis basins (1,000 km in diameter) represent two other large impact structures (FIGURE 45). Like 
Hellas, Argyre is located in the southern highlands and is surrounded by a broad ring of mountains. All 
these large impact structures suffered an impact-related demagnetization (Lillis et al. 2013). 

 
FIGURE 55. (left) Valles Marineris area shown as color image. Red and yellow are high-altitude areas and 

blue and green are low-altitude areas. Note that only few impact craters can be seen within the valley due to 
possible sediment cover and/or a comperatively low age. Image: USGS/NASA. (right) radial magnetic field 

above the easternmost part of Valles Marineris, as modelled at 150-km altitude (Langlais et al., 2016) 

The Valles Marinaris equa-torial rift system in the western hemisphere extends eastward from Tharsis for a 
length of over 4,000 km (FIGURE 51 and FIGURE 55). The canyon system is up to 300 km wide and up to 10 
km deep. Different to some large canyons on Earth, like the Grand Canyon in the United States, it was not 
formed by erosion. The Martian equatorial canyons are of tectonic origin and formed in particular by 
extensional faulting, possible similar to that of the extended East African Rift System. As mentioned above 
the canyons may represent a crustal deformation related to a strong extensional strain in the Martian crust, 
related to loading from the Tharsis bulge. Their magnetic signature seem to indicate a weak or null 
magnetization on the western part, and a stronger one in the eastern part (FIGURE 55). More intriguing is 
the apparent offset between the northern and southern parts, and the associated weaker signal directly 
above the canyon (Langlais et al., 2016). 

Polar ice caps have been detected with a telescope by Christian Huygens in 1672. They are composed of 
carbon dioxide (CO2) ice which condenses out of the atmosphere at temperatures below 148º K during the 
polar wintertime. The CO2 of the northern ice cap sublimes nearly completely in summer, leaving behind a 
residual cap of water (H2O) ice (FIGURE 56). At the south pole a small residual cap of CO2 ice remains also in 
summer. Both residual ice caps overlie thick layers of interbedded ice and dust. In the north, these layered 
deposits form the 3 km-high Planum Plateau with around 1,000 km-diameter. In the south Planum Australe 
forms a similar plateau. However, the extreme cold temperature of these areas precludes surface 
exploration missions in the near future. 
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FIGURE 56. Mars Ice Cap. ESA data compilation 

 
FIGURE 57. Major endogenic and exogenic geological processes during the Martian history  (Ehlmann et al. 
2011), like the presence of a magnetic field in a), large impact cratering events in b), volcanism with crustal 
formation processes in c), hyrological processes in d), fluvial processes in e) and distinct mineral alteration 

processes. Note: NEWTON magnetic susceptibilities measurements of surface rocks could improve to 
classify the distinct rock types, their mineralogy and regional distribution. 

Sedimentary rocks: During Mars orbital missions with surface mapping of the chemical and mineralogical 
characteristics as well as NASA rover missions many discoveries concerning the composition, distribution 
and stratigraphy of sedimentary rocks on Mars could be obtained.  Previously, Mars was regarded as a 
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predominately volcanic planet where the predominant surface processes include effusive and explosive 
volcanism with pyroclastic deposits as well as distribution and deposition of impact material (e.g. breccia). 
Although earlier studies recognized valley networks with huge outflow channels, suggesting a transport of 
sediments from the southern highlands to the northern plains of Mars, the present view of the exogenic 
processes on Mars includes complex interactions between water and the surface, with weathering, 
transport, and deposition of sediments by water as well as eolian processes (FIGURE 57). Very thick 
stratified sediment sequences extend back into the Noachian Era with ages up to >4 Ga. Surprisingly, these 
rocks are much older than any sedimentary rocks preserved on Earth. In particular the magnetic properties 
of sediments, like the magnetic susceptibilities, has been used on Earth as important tool to characterized 
changing properties of sediments deposits with high resolution (FIGURE 59-FIGURE 61) and we are 
convinced NEWTON instrument could significantly contribute by future in-situ characterization of martian 
sedimentary rocks. In this context we summarize and present examples of sedimentary rocks, based in 
particular on a review by Grotzinger & Milliken (2012). 

Sedimentary pathways range from local areas up hundreds of kilometers or farther forming partly vast 
sediment sheets for which first stratigraphical units could be constrained. Local deposits include alluvial 
fan, deltaic, sublacustrine fan, and lacustrine environments (FIGURE 59). Other sediment deposits are filling 
canyons and valleys, possibly carved during catastrophic floods. The former deposits indicate a more 
gradual erosion and sedimentation which may have been partly controlled by strong meteoric 
precipitation. Rapid erosion and extended sediment transport may have been also related to large, regional 
outflow channels which could have been resulted from outbursts of groundwater.  

For many regionally extensive sedimentary deposits their origin is still no so clear. The presence of hydrated 
sulfate minerals indicates that some of these deposits may have formed as lacustrine evaporites, in 
particular in open and closed basins associated to the Valles Marineris network. Other sediment formations 
may have included an eolian rework of previously deposited sulfates. An important type of regionally 
extensive sediment deposit are characterized by a meter-scale stratification with highly rhythmic layers 
(FIGURE 61). Such sediments occur in particular in the Arabia Terra region and are also observed at the top 
of a 5-km-thick sequence in Gale Crater (FIGURE 60). Their distribution over broadly defined highs as well as 
lows, and the lack of strong spectral absorption features indicate that they may represent dust stones 
which by weak lithification of fine particles settled from the Martian atmosphere (Grotzinger & Milliken 
2012).The oldest sedimentary rocks on Mars may be in particular impact-generated debris sheets with 
impact melts and meteorite fragments, comparable to those described in the section 2.1.2 for the Moon. 

Since there has been no plate tectonic induced renewed mountain building on Mars (like that on Earth) and 
the climate conditions became drier, the sediment flux decrease over time. The oldest Pre-Noachian 
sediments are mainly of impact- and volcanic-generated particles that have been reworked by fluvial and 
eolian processes. Chemical weathering of fragmented bedrock in the presence of circum-neutral pH fluids 
would have generated clay minerals and carbonates. Surface weathering processes under more acidic 
conditions produced dissolved salts that precipitated as sulfates, halides, and oxides (Grotzinger & Milliken 
2012). Mars seems to have been evolved  from a rather wet planet, in which chemical weathering by 
circum-neutral pH fluids was common, to a regime in which more acidic chemical weathering took place 
and, eventually, to a cold, dry environment dominated by physical weathering (FIGURE 58). Since also the 
number of impact events and volcanic activity decreased, the formation of sedimentary rocks also declined. 
At present, the denudation of the Martian highlands is mainly controlled by eolian processes. 

Different examples of sediment structures explored by remote sensing data as well as during the last NASA 
rover missions are shown in FIGURE 59-FIGURE 61. 
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FIGURE 58. Relationship between major sediment characteristics and environmental changes after Bibring 

et al. (2006). 

 
FIGURE 59. Examples of inferred sedimentary rocks that exhibit distinct textures in orbital images 

(Grotzinger & Milliken 2012). (A) Strata in Lower formation of mound in Gale Crater. (B) Interior Layered 
Deposit in Juventae Chasma. (C) Strata in Upper formation of a mound in Gale Crater. (D) Strata in 

Becquerel Crater.  
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FIGURE 60. Sedimentary deposits in overfilled craters (Grotzinger & Milliken 2012). Subsets are from 
HiRISE images. (A) Gale Crater, in which strata form a mound over 5 km in thickness that exceeds the 
elevation of the northern crater rim. (B) Terby Crater; note large mesas formed of stratified deposits. (C) 
Crommelin Crater, showing central mound formed of stratified deposits. (D) Henry Crater, in which strata 

form a significant mound, the peak elevation of which coincides with elevation of the crater rim. 

 
FIGURE 61. Strata in Becquerel Crater after Grotzinger & Milliken (2012). (A) MOLA topography reveals that 
deposits infill a significant portion of crater. White filled circle shows location of strata analyzed in B and C. 
(B) HiRISE DigitalElevation Models (DEMs) showing a three-dimensional view of typical Becquerel strata. 

Note that there are two scales of bedding, marked as beds and bundles. The ratio of these thicknesses 
indicates forcing of the cyclicity by obliquity-driven climate variations (Lewis et al. 2008). HiRISE image 

PSP_001546_2015is shown draped over digital stereo topography. Scale bars, 100 m (both horizontal and 
vertical). (C) Plan view of HiRISE imagePSP_001546_2015, showing context for B; north is down. Numbers 
mark the boundaries between successive bundles, defined by variations in topography. Figure constructed 

by Kevin Lewisusing DEM made by K. Lewis and T. Suer. 
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FIGURE 62. Mars chronostratigraphy illustrating representative outcrops of stratified rocks formed during 
different geologic eras. Lower scales show the traditional Martian timeline and eras based on crater size 

frequency distributions (Tanaka & Hartmann 2008). Upper scale and nomenclature are based on the recent 
hypothesis of Bibring et al. (2006), which relates observed variations in mineralogy to geologic time. Images 

have been placed to be more in line with the upper (mineralogical) scale based on their inferred 
compositions. However, we note that the ages of stratified rocks depicted on the right half of the figure are 

poorly constrained, and though many of these examples are likely Hesperian, some may in fact be 
Amazonian in age. 

 
FIGURE 63. Major exogenic geological processes during the Martian history (Grotzinger &Milliken (2012). 

Note: NEWTON magnetic susceptibilities measurements of surface rocks could improve to classify the 
distinct rock types, their mineralogy and regional distribution. 
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FIGURE 64. Compilation of different regional stratigraphies from different locations on Mars: Nili 

Fossae/northeastern Syrtis, Argyre, Valles Marineris, Mawrth Vallis and Arabia Terra, Terra Meridiani and 
sedimentary clays at Gale crater (Ehlmann et al. 2011 and references therein). Columns, except those for 

Valles Marineris and Gale, are drawn on the same vertical scale. Section thickness ranges from ~250 m, at 
Mawrth Vallis, to 8 km, at Valles Marineris. 

2.2.1.2. Internal field 
The Mars Global Surveyor (MGS) mission and its orbital magnetic measurements shows an intense 
remanent magnetization in areas with a very thick Noachian crust (FIGURE 65; e.g. Acuña et al. 1999). This 
has been interpreted as remnants of a crustal remanent magnetization by an early Martian dynamo. Crustal 
areas which have been formed or modified by impact events or heated by magmatic processes later than 
4.1 to 4.0 Ga does not show significant magnetic signatures (e.g., Lillis et al 2015). In addition, areas of the 
large impact basins Hellas and Argyre, located within the Noachian crust, lacks a remanent magnetization 
(FIGURE 45 andFIGURE 46). This has been explained by an impact-related demagnetization at a time when 
the global magnetic field was not active. Other areas show significant magnetic fields, although they are 
associated with younger surface ages (Apollinaris Patera, surface age 3.81 Gy, or Antoniadi crater, surface 
age 3.79 Gy). These findings let to the conclusion that Mars had once a global magnetic field. Its dynamo 
was probably generated within a molten iron core during its very early hot accretionary history at around 
4.6 to 4.5 Ga, lasting for at least a few hundred million to one billion years (e.g. Acuña et al. 1999; Langlais 
and Purucker, 2007, Lillis et al. 2008, Lillis et al. 2013). It is also possible that this global field had also 
magnetic reversals similar to that reconstructed on Earth.. However, to proof this hypothesis on ground 
vector magnetic measurements of vector components of the remanent crustal field has to be done in 
several areas. The exact timing of the dynamo cessation remains debated, before or after the giant impact 



 
D2.1 - Definition of instrument requirements and 

architecture. Design guidelines 
 

                                     
                                     
NEWTON 
Grant agreement no: 730041 Page 48 of 112 10 Mar. 17 

 

took place, although a two-stage dynamo (e.g., before AND after) cannot be excluded (Monteux and 
Arkani-Hamed, 2014; Monteux et al., 2015) 

Another important aspect of this early and relatively strong global magnetic field is that it may have 
provided a shielding of the Mars with respect to the solar wind and related stripping of its early 
atmosphere (more details in section 3). There it is likely that there was an early and relatively dense 
atmosphere sourced by volcanic gas emissions. This could have provided better living conditions than 
nowadays. Therefore the search for implications of ancient life on Mars (one of the goals of ExoMars) is 
concentrated to areas with an old Noachian crust. The proposed landing sites of EXMOMAR 2020 include 
Martian crust older than 3.9 Ga with aqueous sediment deposits which could show signs of an early life on 
Mars.   

While on Earth a partially liquid core and an associated global field persists until today, the stronger cooling 
of the smaller Mars let to a solidification of its core (Schubert et al. 2000) and thereby caused a decrease of 
its dynamo (e.g. Connerney et al. 2004). Due to these circumstances the internal field of Mars is sourced 
only by the remanent magnetic signature of its crust. This is an advantage compared to the Earth, where 
the vector magnetic characteristics of the crust represents a superimposition of a remanent magnetic 
signature (obtained during the period of the rock genesis and cooling below Curie temperatures of 
individual magnetic carriers) and an induced field which depends on the regionally distinct orientation and 
intensity of the global field at each site. The relative contribution at a single site depends on the rock 
magnetic properties and the capacity to show a remanent versus induced signature which is normally 
expressed by the Köningsberger ratios (Parkinson and Barnes 1985). However, due to a missing global field, 
Martian surface rocks have only a remanent magnetic signature. This is an advantage since the proposed 
vector field measurements with our magnetometer of the crustal signature will directly indicate the paleo-
orientation of the global field at the time of rock formation.  

In the former context it becomes clear that the expected magnetic intensities and the related magnetic 
specifications of the instrument are not affected by an internal active global internal field, like on Earth. 

 
FIGURE 65. Martian magnetic anomalies (Connerney et al. 2005) and the preferred general landing sector 

between latitudes 30°N and -30°S. About 80% of the possible landing sites exhibit significant magnetic 
anomalies within these latitudinal sector. The map shows that large volcanic provinces (like e.g. Elysium 

Mons, Tharis Montes and Plympus Mons) does not have crustal magnetic signatures and that large impact 
basins, like of Hellas and Utopia, on the old southern Noachian crust suffered a demagnetization (e.g. Lillis 

et al. 2010). A possibly impact-related crustal dichotomy is characterized by a <40-25 km crustal thickness in 
the North and up to 75 km crustal thickness in the South (Andrews-Hanna et al. 2008). 
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2.2.1.3. Mars exo and ionosphere (External magnetic field)  
Mars forms an obstacle to the solar wind which is a high velocity stream of plasma emanating from the Sun. 
This plasma interacts with the outermost atmosphere and the electrically-conducting ionosphere of Mars. 
As FIGURE 66 and FIGURE 67 illustrates the magnetic field extends well downwards until to the crustal 
surface and is also partly present on the sun-averted side. In addition a magnetotail forms downstream 
along the plasma propagation around the planet (e.g., Brain et al. 2015). 

The upper atmosphere is driven from above by solar wind and from below by upward propagating gravity 
waves, tides, and by inflation during global dust storms (FIGURE 67). Knowledge of the solar wind 
interaction with Mars is still limited and the intensities of this external field near the Martian surface has 
not been measured. Modelling of the intensities of this external field has been done by e.g. Dong et al. 
(2014 and 2015). Their results show regionally large amplitudes of the magnetic field up to 50 nT which 
appear in particular in surface regions of the southern hemisphere where a strong remanent crustal 
signature has been measured from the orbit (FIGURE 67 and FIGURE 68). 

 

 
FIGURE 66. Schematic view of the interaction between the solar wind (white dashed lines) and the Martian 

ionosphere (Brain et al. 2015). It is also shown how the interplanetary magnetic field (yellow) streams toward 
the bow shock frontier (green) upstream of Mars. Intense crustal magnetic fields (orange) impose structure 

throughout localized regions of the upper atmosphere and ionosphere. 

As described in section 3.1, MGS data indicated (eg. Connerney et al. 2005) that there are very strong 
crustal magnetic anomalies in an extended area of the southern hemisphere (FIGURE 65), but that a global 
magnetic field is missing or very weak. Under such circumstances, much of the upper atmosphere will 
undergo direct impact by solar wind plasma and the downward transfer of energy and momentum will 
modify the structure of the ionosphere and drive horizontal electric currents. The magnetic fields 
generated by these currents will be felt at the surface and vary strongly with solar wind conditions, vertical 
structure of the atmosphere, latitude and local time (FIGURE 68 and FIGURE 69). However, since MGS 
sampled less than 20% of the planet at altitudes of less than 200 km, mostly on the day side,  significant 
gaps exist in our knowledge of the Mars crustal magnetic field at the very small scale. The influence of 
crustal magnetic anomalies on the Martian ionosphere has been studied and/or modelled by e.g. Ness et al. 
(2000), Zou et al. (2010) and Dong et al. (2014); FIGURE 68). The crustal magnetization seems to be a key 
factor in the height of external magnetic field distribution, especially at altitudes less than 110 kilometers 
(Kireev and Krymskii, 2012). Better local time coverage at all altitudes may be obtained by the MAVEN 
mission which entered the orbit in September 2014. First results from Bougher et al. (2015) and future 
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findings of this ongoing mission will be used for further improve our magnetometer specifications 
considering the more detailed and spatially better resolved results of the interaction between crustal and 
external magnetic field.  

 
FIGURE 67. Relationship between the external magnetic field and the plasma environment of Mars modeled 
by Dong et al. (2014). There are regionally large amplitudes of the magnetic field up to 50 nT which appear 

primarily in the southern hemisphere very near the planet’s surface due its strong remanent crustal 
signature. However, strong external field intensities can also be seen at higher altitudes on the day side of 

the planet. 

 
FIGURE 68. Schematic view of the interaction between the solar wind (white dashed lines) and the Martian ionosphere 
(Brain et al. 2015). It is also shown how the interplanetary magnetic field (yellow) streams toward the bow shock frontier 
(green) upstream of Mars. Intense crustal magnetic fields (orange) impose structure throughout localized regions of the 

upper atmosphere and ionosphere. 
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FIGURE 69. Characteristics of the external magnetic field compared with the plasma composition at different 
altitudes from 500 to 130 km during measured in an area with moderate crustal field conditions and during a 

period with quiet solar wind conditions. The data are compiled form MAVEN external field measurements 
(Bougher et al. 2015). 

Measurements with our vector magnetometer from the EXOMAR 2020 lander will probably represent the 
first magnetic field ground station  which can provide fundamental information of the horizontal electrical 
currents in the ionosphere driven by the dayside solar wind interaction and, possibly, internal magnetotail 
dynamics on the night side.  

Most recent measurements of the external field by MAVEN mission shows that it is highly variable and 
ranging from a few nT in magnitude to as much as (rarely) ∼100 nT (Bougher et al. 2015). The magnetic 
field due to crustal remanence reaches a maximum of ∼220 nT at 400 km mapping altitude in the Terra 
Sirenum region. 

The Mars Pathfinder atmospheric structure investigation/meteorology (ASI/MET) experiment measured at 
a frequency of 1 Hz to 32 Hz. The science accelerometer sampled acceleration in three orthogonal axes at a 
rate of 1 Hz during free fall and 32 Hz during the entry, descent, terminal, and landing telemetry phases, 
obtaining a total of 13340 samples.  

 
FIGURE 70. Overlapping of a crustal magnetic signature with more or less regular diurnal variations. Both 

can be occasionally superimposed by magnetic storm events. 
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Using Magnetic K-Index for the detection of irregular magnetic events: At the Exomars landing site our 
magnetometer will be able to measure a diurnal fluctuation of the different vector components which are 
superimposed on the relatively constant local remanent crustal magnetic signature. Such more or less 
regular daily scalar variations as also known from Earth (e.g. Diaz-Michelena et al. 2015) may be in the 
range of ±10 to ±50 nT. A first aim concerning the external field will be to characterize these diurnal 
variations at high sampling rates of seconds to minutes during several days. Anomalous magnetic events 
(magnetic storms or other pertubations) are superimposed on these diurnal fluctuations.   

Such fluctuations have already been monitored using Mars Global Surveyor measurements. Because the 
spacecraft flew at a constant altitude and local time over a given location, it is possible to use the 
measurements with a virtual observatory approach. This allows to directly separate the constant, static 
field (of crustal origin) from the transient, time-varying one (of external origin). Langlais et al. (2017) used 
this approach to construct a daily proxy for the Martian external field (more detailed figures will be 
analysed and provided in future deliverables of NEWTON project).  Both periodical signals (associated with 
both the rotation of Mars around the Sun and the rotation of the Sun) and anomalous signals were 
observed. The in-situ proxy (at 400 km altitude) was also compared to measurements of the interplanetary 
magnetic field by the ACE (Advanced Composition Explorer) spacecraft in the vicinity of the Earth and 
extrapolated to Mars. Very good correlation coefficients, up to 0.9, were found. Such proxies are very 
useful. However the available measurements do not currently allow to go below the daily scale. 

Since our vector magnetometer will be able to measure the horizontal (H component) and declination (D 
component) magnetic components, these values can be used to calculate magnetic K-indices which 
represent a very useful proxy to determine the state of the geomagnetic field and the characteristics of the 
ionosphere. The K values represent the relative deviation of the H and D magnetometer traces compared to 
"quiet-day curves". For this propose each day is divided into 8 three-hour intervals. Than the maximum 
deviation from each 3-hour period compared to the quiet day curve is measured and the largest deviations 
are selected. A quasi-logarithmic transfer function yields the K-index for the regarded period. The K-index 
ranges from 0 to 9 and are dimensionless numbers. Values of 0 and 1 represent quiet magnetic conditions 
with good radio signal propagation conditions. Values from 2 to 4 represent increasingly active magnetic 
conditions corresponding to reduced radio propagation conditions. K-index values from 5 to 9 indicate 
minor up to very strong magnetic storm conditions associated with poor radio propagation conditions. The 
duration of such events related to exceptional solar activities (e.g. Diaz-Michelena et al. 2015) range from a 
few up to more than 10 hours, as observations on Earth demonstrate. 

 

 
FIGURE 71. Consequences of Martian aurora (Brain & Halekas 2012). (a) Visible auroramight be visible at 
mid latitudes (image courtesy M. Holmstrom/ European Space Agency). (b) Localized “patchy” ionospheres 

exist in cusps (Fillingim et al., 2007). (c) Atmospheric ions escape along auroral flux tubes (Lundin et al., 
2006). 
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2.2.2. Characteristics of the crust and surface rocks 

2.2.2.1. Rock types with its chemistry, mineralogy and magnetic carriers 
Martian crustal rocks have mafic to intermediate compositions from 45 to 70 wt. % SiO2 with subalkaline to 
alkaline characteristics (FIGURE 72). In general their chemistry is much more variable than that of lunar 
rocks (section 2.1.3) and more similar to that of the Earth’s crust. The compositions are relatively alkaline 
suggesting comparatively low degrees of partial melting. Similar rock types has been described from mantle 
plumes and/or continental rift settings on Earth. While Calcium/silicon ratios are also comparable to that of 
rocks of the Earth’s crust, the iron/silicon ratios a significantly higher (2 to 4 times) than that of Earths 
crustal rocks. The much higher iron content of the Matian crust (on average aprox. 16 wt. % FeO compared 
to 8 wt. % FeO of the Earth’s crust, see also FIGURE 50 and section 2.2.1.1) is important for the amount of 
iron-bearing silicates and oxides and associated magnetic characterises. 

 

 
FIGURE 72. TAS diagram showing composition of various martian crustal rocks. 

On Mars the rock alteration of the primary iron-bearing minerals produced a variety of Fe-bearing 
secondary minerals (e.g. goethite, jarosite, hematite, maghemite, magnetite; e.g. Bish et al. 2013, Blake et 
al. 2013, Jerolmack 2013, McLennan 2012, Millikan & Mustard 2007, Vaniman et al. 2013). Among them the 
main magnetic carrier could be pyrrhotite, magnetite, or hematite which are characterized by thermal 
demagnetization (Curie temperatures) above 325º C, 580º C and 670º C respectively (Ruiz et al. 2005, Lillis 
et al. 2015). 

Titanohematite, which is very stable during slow cooling and high lithostatic pressures, may be an 
important carrier, particularly, if the crustal magnetic signatures are deep-seated. Titanomagnetite, the 
main ferromagnetic mineral in nakhlites, has lower saturation magnetization and Curie temperature and 
therefore is a less favorable candidate except in the case of anisotropic stresses or nanoscale resolution. 
Pyrrhotite is an important magnetic carrier in the basaltic shergottite meteorites (e.g., Rochette et al., 
2005), but has a low blocking temperature (320°C). Thus its crustal sources must be shallow and intense 
(Dunlop and Arkani-Hamed, 2005). Lamellar hematite-ilmenite has also been proposed based on its role in 
intense terrestrial anomalies (McEnroe et al., 2004). 
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Significant amounts of pyrrhotite are found in the meteorite Y-593. High Curie points (530–580 °C) 
characterize Nakhla (e.g. Shaw et al. 2001) and Y-593 (Funaki et al. 2002). A Curie point of 150 °C has been 
reported for the Los Angeles meteorite (Rochette et al. 2001), similar to what can be extrapolated 
according to the composition of NWA 480 titanomagnetite (Barrat et al. 2002). Such a low Curie point 
corresponds to Curie depths of 20–50 km during NRM acquisition. The temperature range reached at a 
depth of 20–50 km in early Mars should be 300–600 °C according to Nimmo and Gilmore (2001). Pyrrhotite, 
with its Curie point of 325 °C, can account partly for the anomalies, provided that Noachian crustal rocks 
are richer in sulfides than the average basaltic shergottites (at least 1 wt.%). 

One of the main which can be gained from this analysis is that Pyrrhotite shows a larger Curie depth than 
the titanomagnetite encountered in some other basaltic SNCs. However, this hypothesis suffers from the 
identification of the hexagonal form rather than the monoclinic form of pyrrhotite in SNCs. 

 
FIGURE 73. Calcium/silicon versus iron/silicon diagram (https://mars.jpl.nasa.gov/MPF/ops/hap_1.jpg) 

showing composition of various crustal rocks from the Earth (in blue) and Mars(in red). 

2.2.2.2. Expected magnetic susceptibilities of exposed rocks 
Due to the overall similarities in chemical composition as well as the mineral constituents of different 
martian rocks compared to that of the Earth, a comparable range of magnetic susceptibilities seems to be 
most likely. FIGURE 74 shows magnetic susceptibilities for different minerals and crustal rocks on Earth 
which are in the range of 1 to 10-5 SI units. In section 3.1, it is illustrated the variation of magnetic 
susceptibilities measured in martian meteorites. 
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FIGURE 74. Bulk magnetic susceptibilities of magnetic minerals as well as igneous, metamorphic and 

sedimentary rocks.(https://www.eoas.ubc.ca/~fjones/aglosite/objects/bkgr_6c/4susceptibility.htm). 

As described in section 2.1.2.2, magnetic susceptibilities of whole rocks represent the sum of the 
proportions of the different minerals which compose a rock and their individual susceptibilities. Bulk 
magnetic susceptibilities of rocks from Mars and the Earth are controlled by the type and amount of its 
magnetic and often iron-bearing mineral constituents and thus also depends on the bulk chemistry. Often 
an increased iron content of a rock are associated with increased susceptibilities. In particular the amount 
of ferromagnetic magnetite with susceptibilities of 1200 to 19,200 SI units is the most important mineral 
constituent controlling the bulk rock susceptibilities (FIGURE 74). The increase of the magnetite content 
from 0.1 to 10.0 wt.% increases the bulk susceptibilities by four orders of magnitude as illustrated in 
FIGURE 28. However, magnetite is scares or absent in most lunar rocks. But antiferromagnetic ilmenite with 
susceptibilities of 1800 SI units as well as ferrimagnetic pyrrhotite with similar susceptibilities as ilmenite 
can be partly important constituents of Martian rocks. Besides these highly magnetic minerals, 
paramagnetic mafic minerals, like olivine and pyroxenes, contribute more or less to bulk susceptibilities. 
Increasing contents of diamagnetic minerals, like feldspar or calcite, can reduce the bulk susceptibilities.  

2.2.2.3. Remanent magnetic signatures 
In general the magnetic signatures measured on a planetary surface integrates the active internal field and 
its induced crustal signature (but Mars does not have an active internal magnetic field, see section 2.2.1.3), 
a remanent crustal signature and an external field which is mainly sourced from the ionosphere and its 
interaction with the solar wind (FIGURE 66). Since there is no active internal field on Mars, there is a 
relatively constant integrated remanent magnetic signature at each landing sites related the magnetic 
properties of underlying crustal rocks. The remanent magnetic signature is superimposed by relatively low, 
more or less regular diurnal variations and additionally some higher magnetic intensity changes produced 
the irregular solar activity.    
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FIGURE 75. Example of high resolution measurements of magnetic susceptibilities (yellow curve) in a lake 
sediment core form the southern Andes. Lepidocrocite and goethite precipitation in a more and less anoxic 

lake environment with changing PH values reflect earlier wet conditions on the Mars surface. Variation in the 
FeO content from 1 to 35 wt.% as well as Fe/Ti ratios from 1 to 30 reflect cyclic precipitation of iron minerals 

(like observed on Mars) within the water column. 

 
FIGURE 76. Mars magnetic anomalies (left: Arkani-Hamed & Boutin 2012) and the latitudinal gradient field 
(right: Connerney et al. 2005) with proposed ExoMars and Insight landing sites. Large volcanic provinces: 
Elysium (E) and Olympus (O) Mons (Johnson & Phillips 2005, Platz & Michael 2011), and extended impact 

areas: Hellas (H) and Utopia (U), have little or no remanent magnetization (e.g. Lillis et al. 2010). Strong 
magnetic anomalies are restricted mainly to the South of 20°N in areas with old Noachian crust (Andrews-

Hanna et al. 2008). 
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Depending on the landing site position and its relationship to more or less strong magnetized old Noachian 
crustal rocks our instrument will measure a constant integrated magnetic signature of the underlying crust. 
FIGURE 76 shows the position of the proposed ExoMars landing sites and their relationship to magnetic 
anomalies measured from the orbit. The average signatures at these landing sites are only in the range of ± 
3 nT whereas some areas of the southern hemisphere exhibit anomalies of ± 150 nT. However, such orbital 
magnetic signatures are integrating areas of several thousands of square kilometers, but local crustal 
magnetic signatures in areas of a few several square kilometers can be much stronger. This is well 
document by our case study of El Laco magnetite bodies in the central Andes, where our measured 
magnetic anomalies range from 30,000 to >80,000 nT (Diaz-Michelena et al. 2016) whereas aerial magnetic 
surveys only show anomalies of less than ±120 nT and orbital anomalies are less than 10 to 20 nT. These 
findings document that the on ground magnetic anomalies cannot be easily deduced from orbital 
signatures and that different scenarios for the possible on ground magnetic signatures at the landing sites 
must be considered.  

To characterize the crustal signature we propose to do long term on ground measurements with a constant 
sensor position over several days or weeks which should provide an averaged crustal magnetic intensities 
and their vector components. These long term measurements will be used to subtract superimposed 
magnetic signatures of slight diurnal variation which many be in the range of a few nT up to a maximum of 
100 nT. To characterize this daily fluctuations measurements with time resolution of minutes to hours has 
to be done at least during several days. Finally, the diurnal variations can be superimposed by irregular 
changes of the solar wind. 

Due to the problem that range of the local magnetic signatures at the Mars landing sites are difficult to 
estimate previously we present and discuss potential crustal rock units and compare them with 
measurements and observations at different terrestrial analogue sites. In addition, to estimate the possible 
remanent signature at one landing site different types of underlying rocks as well as the type and amount 
of magnetic carriers, and their multi versus single domain state must be considered. The regional thermal 
gradients and cooling history of the crust plays a further role as illustrated in FIGURE 77.  

Our previous measurements on Erath analogues have been performed with MOURA vector magnetic 
sensor which was developed at INTA for such a magnetic mapping (Diaz-Michelena & Kilian 2015). On the 
one hand this sensor has been successfully tested in areas with very low magnetic anomalies (<70 nT) 
where even very low pyrrhotite concentrations of 0.5 to 3.0 volume % can be quantitatively determined by 
their remanent magnetic signatures in magnetite-free mafic to felsic intrusive rocks (e.g. amphibolitic dykes 
in a granite). On the other hand extremely high magnetic anomalies (>80000 nT) have also been 
successfully mapped in magnetite outcrops of El Laco in the Central Andes, since it has been suggested that 
Martian rocks could have very strong local magnetic signatures (Diaz-Michelena et al. 2016). 
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FIGURE 77. Magnetically relevant aspects of the Martian crust which comprise more and less differentiated 

mantle-derived magmas with formations of distinct volcanoes, layered intrusions and hydrothermal 
mineralizations. The possible integrated remanent magnetic signature at the Mars surface is illustrated 

based on the possible carriers, like pyrrhotite, (Ti-) magnetite, hemo-ilmenite and hematite within different 
rock types, their geological context and the possible thermal structure of the crust. Impact areas may be 
partly demagnetized, but iron-bearing minerals can be also slightly remagnetized by the strong primary 

remanent magnetization of the crust in some areas. On the one hand the illustrated magnetic signatures 
integrate the mineralogy of crustal lithologies from different depths and its thermal structure (Curie depths). 

On the other hand superimposed high resolution near-surface magnetic signatures reflect the variable 
amount of magnetite, hemo-ilmenite, hematite and Fe-hydroxides formed during rock alteration, fluvial 

sediment accumulation and in soils. 

Explorations of MGS indicated that Mars has no active global magnetic field. However, the data show 
regionally a very strong and variable remanence of the Noachian Martian crust (FIGURE 65 and FIGURE 76; 
locally up to 1500 nT at 100 km altitude; e.g. Connerney et al. 2005) formed during the earliest geological 
history. This is also documented by magnetic signatures measured from a ~4.4 Gyr old Mars-derived 
meteorite (Humayun et al. 2013). The 4.1 Gyr old Martian meteorite (ALH84001; Lapen et al. 2013) 
contains magnetite and pyrrhotite as major magnetic carriers from which paleointensities of ~50 µT have 
been determined, comparable to that on Earth at present (Weiss et al. 2008, 2010). If such an Earth-like 
paleofield was responsible for magnetizing the Martian crust, the observed strong crustal anomalies of the 
southern hemisphere (FIGURE 76) require very high concentrations of ferromagnetic minerals (perhaps 10 
times that of the Earth’s crust or more) and a very thick crust below its Curie temperatures. To explain such 
an extraordinary magnetic mineralogy experimental studies with distinct pressure-temperature and oxygen 
fugacity conditions have been conducted for iron-rich systems (e.g. Bowles et al. 2012, Groschner et al. 
2013, Lan et al. 2013). Furthermore, different Earth analogs have been proposed which may explain the 
Martian magnetic signatures (Amils et al. 2007, McEnroe et al. 2004, Soubrand-Colin et al. 2009). 

Regional variations in the intensity of the early induced remanence of the Martian crust may be partly 
related to distinct crustal rock types with different potential magnetic carriers and locally distinct cooling 
histories as illustrated in FIGURE 77. Recent studies indicate a large compositional range of primary basaltic 
magmas which depend mainly on the melt-fraction and out-gassing (e.g. Elkins-Tanton 2012, Greenough & 
Yácoby 2013, Stolper et al. 2013) as well as strong variations of their magnetic signatures reflecting also 
individual cooling  histories and partly associated multi versus single domain status of their magnetites (e.g. 
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Diaz-Michelena et al. 2016). Furthermore, the early volcanic activity on Mars ejected large amounts of 
water and thus the mantle became more depleted with respect to water content. This caused changes in 
the redox conditions of the magmas during the geological history of Mars (Balta & McSween 2013) and the 
types of magnetic carriers. 

FIGURE 77 also illustrates the pronounced fractionation of basaltic magmas in crustal magma chambers 
(Wray et al. 2013, Stolper et al. 2013) where anorthosites and accumulate layers have been formed (Francis 
2011). Such rock suites are also likely to be important for regional magnetic signatures. Hydrothermal 
activity related to volcanism and impacts caused further mineralization with potential magnetic carriers 
(e.g. Schulze-Makuch et al. 2007). Although areas of large impact structures, like Hellas and Utopia (FIGURE 
45 and FIGURE 46) are characterized by a strong demagnetization (Lillis et al. 2010, 2013), smaller impact 
carters may be only partly demagnetizied. Iron-rich impactites as well as impact melts and/or associated 
hydrothermal mineralization (Barnhart et al. 2010) could have been remagnetized from a deeper crustal 
magnetic field. Furthermore, magnetite-bearing serpentinites have been suggested for the lower crust to 
explain the strong magnetic signatures of the southern Noachian crust (Quensel et al. 2009). The above 
described processes caused distinct regional and local magnetic anomalies which can be only detected and 
differentiated during on ground surveys. 

Magnetite was suggested as the most important phase for the crustal magnetic signature. However, the 
Curie depth of magnetite decreases strongly with increasing titanium content (580°C down to <350°C; 
FIGURE 76). Thus areas with more alkaline basalts (low melt fraction and Ti-rich: Elkins-Tanton 2012, Wray 
et al. 2013) and their differentiation products have a reduced capacity to carry strong remanent magnetic 
signatures. It has also been suggested that depending on the crustal redox state hematite could be an 
important magnetic carrier due to its very high Curie temperature (675°C).  

After the cessation of the active dynamo the strong crustal magnetic field could have induced partly a 
remanent signal in younger plutonic and volcanic rocks, as well as in minerals formed by hydrothermal 
processes (pyrrhotite, magnetite) and surface rock alteration (magnetite, maghemite, hematite, hemo-
ilmenite). A significant local remanent signature can be also related to iron-bearing impactites, if impact-
related heating and shock waves were moderate. Areas for which no significant magnetization is 
recognized from space include impact structures and volcanic edifices where a crustal demagnetisation 
could have been occurred by shock waves and heating (Lillis et al. 2013; Langlais & Thebault 2011).  

During the earlier Martian history fluvial processes played an important role for sediment transport and 
enrichment of minerals and ores (e.g. Jerolmack 2013, Grotzinger et al. 2013). In the Gale crater 2 to >5 
weight % magnetite contents have been detected in sediments (e.g. Vaniman et al. 2013) and this could be 
responsible for further magnetic anomalies in sedimentary rock sequences. Such aquatic sedimentary 
environments characterized the selected ExoMars landing sites. 

The above described aspects indicate that the Martian magnetic signatures are able to characterize a wide 
range of environmental and geological processes (e.g. tectonic, impact, magmatic, hydrothermal, rock 
alteration, sediment formation; e.g. Connerney et al. 2005, Lillis et al. 2013, Langlais & Thébault 2011). 
However, many of these aspects remain speculative without measuring the remanent magnetization and 
magnetic susceptibilities on rock and sediment surfaces as proposed for measurements from the ExoMars 
lander.  

2.2.3. Terrestrial analogues 
Terrestrial analogues are very important to test NEWTON equipment. FIGURE 78 illustrates such a previous 
magnetic mapping on the El Laco Magnetite bodies in the central Andes as well as on pultonic rocks with 
mafic dykes in the Patagonian Andes (details in Diaz-Michelena & Kilian 2015 as well as Diaz-Michelena et 
al. 2016). This several possible terrestrial analogues have been selected and presented in more detail in the 
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NEWTON proposal. The characteristics of these sites are summarized in the following: (1) The Rio Tinto 
region in southern Spain, where complex hydrothermal ore mineralization processes in magmatic rocks 
from the Paleozoic Variscian orogenic belt can be investigated as well as sediment transport with iron-
bearing tracer minerals can be studied along the Rio Tinto river. (2) A set of three possible impact craters in 
Argentine which should enable to characterize magnetically the distribution of impactite material as well as 
impact melt/glass. (3) Different basalts types as well as different volcanic landforms can be studied in 
Lanzarote, where a NEWTON field campaign was done from 19th to 24th February 2017. Some more details 
of this volcanic field are also illustrated in section 2.2.3. (4) Feldspat-bearing granitoid rocks from the 
Cordillera Guaderama in Spain have been also evaluated as terrestrial analogue for the Moon and Mars 
(see also section 2.2.3). We are also reviewing the mineralogy and geological context of possible future 
landing site, like that of Mawth Valley, for future Martian missions (FIGURE 79). 

 
FIGURE 78. Examples of magnetic mapping of Martian analogs on Earth (Diaz-Michelena et al. 2016) 

including a) extreme high magnetic anomalies (up to 80000 nT) of El Laco magnetite bodies in the Central 
Andes (left) and b) very low magnetic anomalies (<70 nT) which enable to distinguish and to quantify very 

small variations in the content of pyrrhotite formed by hydrothermal processes in dykes and the surrounding 
granite of the Patagonian Batholith (right) in southernmost Chile. Note that at this site neither rock types 

contain magnetite.   

 
FIGURE 79. Geological and stratigraphical characteristics of one of the possible landing sites for EXOMARS 

2020. 
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2.3. APPLIED GEOLOGICAL SITES 
Four sites have been selected for applied geological studies with our consortium partner from IGU Wetzlar. 
The characterization of these sites is shown in FIGURE 80 to FIGURE 83 and concerns the evaluation of local 
geological structures with respect to building ground properties, appropriateness for basalt quarries as well 
as characterization of waste deposits in the case of an old cement plant. Besides artificial deposits the sites 
include more or less inhomogeneous distributed basalts from the Tertiary Vogelsberg volcano (8 to 15 Ma) 
in Hessen together with more or less of Tertiary and Quaternary sediment deposits. These partly 
unexposed rock units should be magnetically characterized with NEWTON instrument. 

 
FIGURE 80. Basalt quarry next to the town Nidda in Hessen (Germany). The aim is to characterize the 
quality and spatial distribution of basalts for a future extension. Existing geolelectrical surveys and rock 

drilling cores can be used for interpretation of the magnetic data. 

 
FIGURE 81. Basalt quarry next to the town Fernwald in Hessen (Germany). The aim is to characterize the 

quality and spatial distribution of basalts for a future extension. 
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FIGURE 82. A site with military barracks in Büdingen, Hessen (Germany). The area should be evaluated 
with respect to a future building ground and subsoil fundaments and/or polluted sections should be identified. 

 
FIGURE 83. Area of an old cement plant. The aim is to characterize the distribution of iron-reinforced 

fundaments, bombs or other artificial contaminants in the not exposed subsoil. 
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3. DEFINITION OF NEWTON INSTRUMENT REQUIREMENTS 

As already mentioned, the aim of NEWTON project is the design, development and test of a scientific 
instrument for future exploration missions based on a new technology that can perform the on-site 
measurement of magnetic susceptibility (real and imaginary parts).  The new instrument will include a 
recurrent vector magnetometer , a susceptometer (novel), the power supply system (highly innovative), the 
electronics box (with a challenging and very sophisticated frequency generation and shift detection) and 
features for the mechanical assembly.  In particular, the following three prototypes of the NEWTON 
instrument will be developed during the project: 

 Prototype 1 will be designed for planetary exploration missions with the particular case of Martian 
and Moon's system with an envelope adapted to a rover-mounted payload.  

 Prototype 2 will be a reduced version of the prototype 1 implemented on a hand-held device for a 
rapid and preliminary analysis of surface during prospections on Earth.  

 Prototype 3 will be an advanced system for the in-situ analysis and full magnetic characterization of 
drilled samples in medium term missions with more powerful rovers or base stations. This 
prototype will be an advanced version of the prototype 1.  

The present section reports the requirements for the three prototypes of the NEWTON instrument. The 
document is structured as follows: 

 Section 3.1 describes the functional requirements regarding susceptibility and magnetic field 
measurements for prototypes 1 and 2, and a series of paleomagnetic measurements of interest for 
prototype 3, which are not mandatory but a reference. 

 Section 3.2 outlines the electrical and mechanical interfaces of NEWTON instrument including the 
external interfaces with the platform (lander or rover) 

 Section 3.3 reports the mission requirements using the reference of Exomars 2020 mission as a 
representative case. NEWTON instrument does not need to pass a qualification process under test 
however, the mission requirements are stated to be taken into account at design level. 

In addition to this, the architecture of NEWTON prototypes will be introduced in this section and more 
detailed description will be reported in section 4.  

3.1. FUNCTIONAL REQUIREMENTS FOR NEWTON INSTRUMENT 
NEWTON instrument is conceived to measure the magnetic susceptibility and environmental magnetic field 
on the Earth, Mars and Moon (prototypes 1 and 2) as well as other paleomagnetic parameters in the same 
scenarios (prototype 3). 

3.1.1. Magnetic field on the surface 
The ranges of the magnetic fields on the surfaces have been already described in the section 2 of this 
document. In addition, in this section a summary has been done to be taken as specifications for the 
different planetary targets. For design purposes, NEWTON prototypes will have a range adapted to the 
geomagnetic field. 

TABLE 3 shows the ranges of the different magnetic fields as well as their variability. 
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TABLE 3. Magnetic fields and their variability. 

  
Source/Composition Earth 

Moon Mars 
Comments 

  
(estimated) (estimated) 

In
ne

r F
ie

ld
 

Main Internal Dipole 1022 - 1023 
Am2 < 1·1015 Am2 < 2·1018 

Am2 
The Earth dipole is the 
only that is still active 

Local Crustal  100 nT 0.05 nT  
(Equator) 

<0.05 
(Equator)   

Anomalies 

Earth: In many cases 
related with geological 
structures (volcanoes, 
magnetite outcrops…) 
Mars: mainly in the 
highlands in the 
Southern Hemisphere 

10 - 104 nT 1-780 nT on 
the surface. 2.200 nT   

Ex
te

rn
al

 fi
el

d.
 M

ag
ne

to
sp

he
re

 a
nd

 Io
no

sp
he

re
 

Magnetic 
Storms / 
substorms 

From the solar storm 100 – 1,000 
nT < 50 nT Up to > 50 

nT   

Daily variation   20 nT (200 
nT --- 0.5 - 5 nT All values referred to 

the Equator 

Pulses 

The electromagnetic 
manifestation in the 
magnetosphere (i. e. 
Alfven waves) 

1-300 nT --- --- 
Only in the Earth.  
3 types: 1-10 nT, 100 
nT & 300 nT 

Interplanetary 
- planetary 
transition 

Interaction between 
Interplanetary 
Magnetic Fields and 
Earth and Mars 

30 nT --- < 5 nT 

Earth: 
Solar wind-
magnetosphere 
Mars: 
Solar wind-ionosphere 

Ionosphere 

In Earth and Mars the 
origin is the particles 
from the atmosphere. 
In the Moon case, the 
origin is the moon's 
dust 

108-1012 
electron 
(cm-3) 

0-300 
electron 
(cm^-3) 

10-104 
electron 
(cm-3) 

Earth:  
particle concentration 
varies between the 
regions and day and 
night. 
Moon: 
particle concentration 
on the surface. At 40 
km negligible. The 
solar wind can 
eliminate almost the 
particle. 
Mars 
particle concentration 
around the Southern 
Hemisphere anomaly 
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3.1.2. Mass Susceptibility 
In this section a study of all the available literature to date has been done to get a compilation of the 
magnetic parameters of the rocks most representative of the Earth, Mars and the Moon. 

FIGURE 84 to FIGURE 87 show the mass susceptibilities of the rocks of the Earth, the Moon and Mars. The 
susceptibility has been expressed in mass since it is considered the most representative parameter for 
rocks (instead of volume susceptibility). 

In the I.S.: M =χvolH, (M: magnetisation, H: magnetic field), and χvol is a non-dimension magnitude. χmass = 
χvol/ρ. In the following for simplicity in the document we will refer the susceptibility as the mass 
susceptibility and will denote it by “χ”. 

The box diagrams have been elaborated with data collected from the studies of Hunt et al. (2013), Sanger 
and Glen (2003) as well as with non-published data of professor Osete from the Complutense University of 
Madrid for the rocks of the Earth. Two tables have been generated due to the amount of data provided 
from each source. In addition, magnetic characterizations of samples from Apollo and Luna missions 
(Macke et al. 2010, Wieczorek 2012 and Rochette 2010), Moonmeteorites (Wiezoreck 2012) as well as 
Martian meteorites (Rochette et al. 2005 and Kiefer et al. 2014) have been compiled. 

So far there are no published data of the imaginary part of the susceptibility. Therefore, the graphs of the 
tables are restricted to the real part of the susceptibility. One objective of NEWTON project is to provide 
brand new data of the magnetic susceptibility of main rocks. 

 
FIGURE 84. Mass susceptibility of main types of rocks from the Earth. The units for the mass susceptibility 

are in 10-9 S.I. The graph represents the log of the magnetic susceptibility, i.e.: log(χ(m3/kg)) 
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FIGURE 85. Mass susceptibility of rocks from the Talkeetna Mountains (South-Central Alaska). The units for 

the mass susceptibility are in 10-9 S.I. The graph represents the log of the magnetic susceptibility, i.e.: 
log(χ(m3/kg)) 

 
FIGURE 86. Mass susceptibility of rocks from the Moon. The units for the mass susceptibility are in 10-9 S.I. 

The graph represents the log of the magnetic susceptibility, i.e.: log(χ(m3/kg)) 
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FIGURE 87. Mass susceptibility of rocks from Mars. The units for the mass susceptibility are in 10-9 S.I. The 

graph represents the log of the magnetic susceptibility, i.e.: log(χ(m3/kg)) 

3.1.3. Saturation Remanence 
FIGURE 88 to FIGURE 90 show the mass saturation remanence, as the log of the magnitude in mAm2/kg, of 
the rocks of the Earth, the Moon and Mars. 

The box diagrams have been elaborated with data collected from the studies of Hunt et al. (2013) as well as 
with non-published data of professor Osete from the Complutense University of Madrid for the rocks of the 
Earth. Further saturation remanence data are compiled from samples of Apollo and Luna missions (Macke 
et al. 2010, Wieczorek 2012 and Rochette 2010) as well as Moon meteorites (Wiezoreck 2012). Values for 
Martian rocks are based on analyses of Mars meteorites by Rochette et al. (2005) and Kiefer et al.(2014).  

 
FIGURE 88. Mass saturation remanence of main type of rocks from Earth. The units for the mass saturation 
remanence are in Am2/kg. The graph represents the log of the mass saturation remanence (Mrs,mass = Mrs,vol/ρ, 

and Mrs,vol =m/vol), i.e.: log(Mrs(mA·m2/kg)). 
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FIGURE 89. Mass saturation remanence of rocks from the Moon. The units for the mass saturation 

remanence are in Am2/kg. The graph represents the log of the mass saturation remanence (Mrs,mass = Mrs,vol/ρ, 
and Mrs,vol =m/vol), i.e.: log(Mrs(mA·m2/kg)) 

 
FIGURE 90. Mass saturation remanence of rocks from Mars. The units for the mass saturation remanence 

are in Am2/kg. The graph represents the log of the mass saturation remanence (Mrs,mass = Mrs,vol /ρ, and 
Mrs,vol =m/vol), i.e.: log(Mrs(mA·m2/kg)).  
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3.1.4. Other Paleomagnetic analysis 
In this section a summary of the most representative paleomagnetic analysis is presented. Our recent 
compilation is not a requirement but a guideline for extra measurements which will be added on NEWTON 
prototype 3. 

The rock magnetism is very useful in the characterization of the mineral composition of the samples, and 
can show information about the past magnetic field intensities of certain regions of telluric bodies. There 
are many types of analysis, but they can be grouped in two types: analysis with temperature dependence 
and analysis with magnetic field dependence. In both cases, the magnetisation is measured as the “y”. 

It has to be highlighted that investigations of paleomagnetic direction in the rocks require the collection of 
oriented samples or may be obtained from oriented in-situ measurements with a vector magnetometer (as 
proposed for NEWTON), if there is no active global field like on the Moon and Mars. 

The information that rock magnetism analysis provides is mainly related to the mineralogy of the sample 
characteristics. Other important piece of information that can be obtained is the direction and intensity of 
the magnetic fields in which the rocks have been formed or immersed along their history.  

This section is structured as follows: A first part in which the different tests are introduced and classified, 
and a second part where the ranges of temperatures and magnetic fields required for the different analyses 
have been considered as well as procedures which should serve as an input for prototype 3 further analysis. 

The main analyses in paleomagnetism are: 

 Thermomagnetic curves: Analysis of the magnetisation as a function of temperature. It is 
recommended to perform both measurements: the heating and the cooling curves, to detect 
transformations. 

 Magnetic susceptibility: Slope of the magnetisation as a function of the applied magnetic field 
curve. This magnitude helps to determine the presence of paramagnetic materials and gives 
information on the ferromagnetism of the sample. 

 Hysteresis loop: Magnetization versus applied field reaching saturation when ferromagnetic phases 
are present.  

 FORC diagram: Successive response of magnetisation to diminishing magnetic fields from 
saturation. 

 Remanence analysis: The objective is to apply an increasing magnetic field and to remove it with 
the aim to leave the sample remanent magnetized. 

The different analyses can be classified as thermomagnetic (TM) or magnetic (M) studies. In the following 
table (TABLE 4) it is stated briefly the kind of information which can be extracted by them: 
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TABLE 4. Paleomagnetic analyses. 

Analysis Type Parameters and information 
Thermomagnetic TM -Saturation magnetisation vs Temperature. 

-Curie and Néel temperatures 
-TRM curves 
-Possible transformations with temperature (Verwey, Morin and 
Pyrrhotite transitions) 

Hysteresis loop + 
First Magnetisation 
Curve 

M -(Saturation) magnetisation vs magnetic field 
-Susceptibility: volume and mass normalized, low / initial susceptibility 
(magnetic order phases) and high field (para or diamagnetic phases) 
-dΔM/dH curves 
-Saturation and saturation remanent magnetisation. Mr/Mrs ratio. 
(Day plots) 
-Coercivity and coercivity of remanence (Hcr). Hc/Hcr ratio (Day plots). 

FORC diagram M -Particles domains 
IRM+BF M -Data for the coercivity spectrum 

-Coercivity of remanence (Hcr’ and Hcr’’) 
-S-ratio 

ARM M -Anhysteretic remanent magnetisation 
-Susceptibility of ARM, for HIRM: determination of grain size 

Anisotropy 
Susceptibility 
Magnetisation 

M -Anisotropy of magnetisation 
-Anisotropy information 
-Anisotropy remanence 

NRM M -NRM directions 
-Paleomagnetic directions 

 

In the following part the different analysis are explained with the objective to give the temperature or field 
ranges. 

Thermomagnetic analysis: In this analysis the sample is heated from 0 °C to 700 °C (Curie temperature for 
maghemite and hematite) in a heating curve, and then, they are cooled from the maximum temperature to 
0 °C, creating the cooling curve. During the heating/cooling, the magnetisation is measured, and 
represented in a plot M(T)/M(0ºC) or M(T)/M(Tr)  vs T (Tr = Room temperature). The form of the curves 
provides information about the ferromagnetic components in the sample. In the analysis of the curves 
there are two elements to observe: the slope changes and the temperature at which the changes occur. 

The changes in the slope are associated to ferromagnetic phases (FIGURE 91). Each ferromagnetic (and 
ferri- or antiferromagnetic) material has an intrinsic transition temperature (Curie, Néel). The most relevant 
and interesting ones are the magnetite (Tc=580 °C) and the hematite (Tn= 675 °C) temperatures. 
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FIGURE 91. Thermomagnetic curves (cooling – blue and heating – red) of monoclinic (left) and hexagonal 

pyrrhotite (right). Data from Martin-Hernández et al. (2008). 

Therefore, the range of temperature should be fitted to the range between 0 °C and 600-700 °C. This will 
allow the detection of magnetite. Other reference temperatures are given in TABLE 5. 

TABLE 5. Magnetic and other transition temperatures of most representative magnetic species. 

Mineral Curie / *Néel Temperature Transitions 
Magnetite 580 °C 110-120 K (1) 
Maghemite 590-675 °C 250-750 °C (2) 
TM60 150 °C  
Pyrrhotite Monoclinic 325 °C 500 °C (3) 
Pyrrhotite Hexagonal 270 °C 500 °C (3); 200 °C (4) 
Hematite* 675 °C 250-260 K (5) 
Goethite* 70125 °C 250-400 °C (6) 
Greigite  270-350 °C (3) 

 

where: 

 (1) Verwey transition: the crystalline structure changes from monoclinic to cubic. 

(2) Transistion to αFe2O3 (hematite). 

(3) Transistion to magnetite. 

(4) Hexagonal Pyrrhotite transforms from nonmagnetic to ferromagnetic around 200 °C and to magnetic 
again above 300 °C. 

(5) Morin Transition: hematite transforms to an antiferromagnetic material. 

(6) Transistion to hematite (FIGURE 92). 

In antiferromagnetic and ferromagnetic - non compensated, the magnetic transition temperature is named 
Néel temperature to distinguish to the Curie temperature used for ferromagnetic species. In all cases, the 
transition temperature is that above which the magnetic order disappears (Tauxe, Physical properties of 
magnetic minerals, 2010). 
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FIGURE 92. Example of the transformation of goethite into hematite at 250 ºC. Data from Forth & Bertsch 

(1999). 

Hysteresis loop and first magnetisation curve: In this analysis, the magnetisation is monitored as a function 
of the applied field in the sequence: from 0 to maximum applied magnetic field (first magnetisation curve if 
the test is preceded by a demagnetization process), from the maximum magnetic field to the minimum 
magnetic field, and from the minimum magnetic field to the maximum magnetic field. 

The first magnetisation curve represents the magnetisation vs an applied field from 0 to the maximum field. 
The initial slope (low field) give the initial susceptibility i.e. the ferromagnetic susceptibility. The last values 
provide the high field susceptibility, i.e. the paramagnetic susceptibility. 

The main parameters which can be extracted from the hysteresis loop (FIGURE 93) are: 

 
FIGURE 93. A typical hysteresis loop of a magnetic material. 

(1)  Initial susceptibility: from the first magnetisation curve, the initial slope provides the susceptibility of 
the ferromagnetic mineral.  
(2) Saturation magnetisation: when the hysteresis loop reach the maximum. If the sample has a 
paramagnetic component, it will be necessary subtract this paramagnetic component. This subtraction can 
be done easily: 

1. Take the last points.  
2. Make a linear regression. The slope is the high field susceptibility. 
3. Subtract the slope to all the data. 
4. This new hysteresis loop only has the ferromagnetic component and it is possible obtained the Ms. 



 
D2.1 - Definition of instrument requirements and 

architecture. Design guidelines 
 

                                     
                                     
NEWTON 
Grant agreement no: 730041 Page 73 of 112 10 Mar. 17 

 

(3) Saturation remanent magnetisation: Mrs is the magnetization at zero applied field in the decreasing 
field curve from saturation. 
(4) Coercive field or coercivity: the field when the magnetisation is zero (Hc) 
(5) Coercivity of remanence: One of the parameters to provide the Day diagrams is the coercivity of 
remanence, which is the reverse field necessary to erase the remanent magnetization. This parameter 
cannot be directly obtained with the graphic, but needs a further data manipulation.  
1. Separate the cycle in the ascending and the descending curves, and make a difference between the 
positive and the negative parts (asc+, asc-, des+, des-). (FIGURE 94) 
2. Calculate: ((asc+ - des+)+(asc- - desc-))/2 and plot it vs. H. 
3. Normalize to 1 using the maximum value. 
4. Hcr is the abscisas value of ΔMnorm=0.5. 
 

 
FIGURE 94. The four sections in the hysteresis loop to calculate the Hcr. 

The maximum field can be estimated based on ferromagnetic parameters since paramagnetic or 
diamagnetic phases do not saturate and their parameters can be easily identified. 

A suitable range is between 1 T and -1 T. A reduced but still representative range is: 750 mT, -750 mT. 

The maximum range of saturation magnetisation values is given by the magnetite saturation magnetisation 
(for natural minerals) + the paramagnetic value (not saturable). An appropriated range can be from +120 
Am2/kg to -120 Am2/kg, considering that the saturation magnetisation for the magnetite is 92 Am2/kg. In 
the I.S, Ms for magnetite is 4.78·105 A/m. Therefore the range can be 6·105 A/m. 

FORC diagram: FORC is the acronym for First Order Reversal Curves. To obtain this diagram the 
magnetization is registered as a function of the applied field in the sequence as follows: 

1. Starting point: Saturation (Hs) 

2. Application of Ha < Hs 

3. Application of Hb, Ha < Hb < Hs (The curve from Ha to Hb is named a FORC) 

4. Application of Ha’ < Ha 

5. …Repetition of 2 – 3 to Ha = 0 

The ranges for the magnetic field and saturation are the same that for the hysteresis loop. 

To obtain the contour plot that provides information of the magnetic domains with a FORC curve, the 
following sequence should be followed: 

1. Create the distribution:  
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(3.1-1) 

 
Where M(Ha,Hb) is defined as: M(Ha, Hb)=a1+a2Ha+ a3Ha

2+ a4Hb+ a5Hb
2+ a6HaHb 

2. Make a change of axes: Hu=(Ha+Hb)/2; Hc=(Ha-Hb)/2 
3. Represent the data in a contour plot. 

 
According to the distribution, it is possible to determine the domains state. Until a database is created 
Roberts (2000) and Muxworthy (2007) can be used for reference. 
 
IRM and BF: The IRM (Isothermal Remanent Magnetisation) is an analysis like the first magnetisation curve 
in which the maximum field is increased successively in different steps following the sequence: 
0H10H20H3… H1 < H2 < H3 … 
 
The relation magnetisation vs. applied field permits obtaining three types of diagram: 

 LAP: Linear Acquisition Plot.  
 GAP: Gradient Acquisition Plot. 
 SAP: Standardized Acquisition Plot. 

 

 
FIGURE 95. Example of LAP, GAP and SAP diagrams from a sample of (Kruiver, 2001). In the GAP 

diagram, it is possible to see the existence of two components. 
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The GAP is the most interesting plot of this analysis and has certain analogy to the coercivity spectrum 
analysis that allows to distinguish the different magnetics minerals of the sample. These analysis are not 
automatic but can be easily done using IRM-CLG-10 excel template from Kruiver (2001).  

The range for the magnetisation must be from 0 A/m to 6·105 A/m (magnetite saturation magnetisation + a 
paramagnetic component). The range for the magnetic field would be from 0 T to 2.1 T, to be able to detect 
the presence of hematite. In case this value is excessively high, a range from 0 T to 500 mT, allows the 
identification of titanomagnetites and magnetite (Lowrie, 1990). Also, the IRM can provide the Hcr’ value. 

The BF (Back-Field) is an analysis similar to the IRM, but applying negative fields, in the same way that the 
IRM. The sample first must reach the saturation, consequently the IRM analysis must be done first. So, the 
applied magnetic field would be: Hsat0-H10-H2… The saturation magnetic field can be the 
maximum magnetic field that can be applied. The range in this case is lower than for the IRM, because in 
the BF, it searches the change of sign of the magnetisation and this occurred to low fields, lower than 100 
mT.  Thus, the range must be, for the magnetic field to 2.1 T (or 500 mT) to -200 mT, and for the saturation 
magnetisation from 6·105 A/m to -105 A/m. 

ARM: The ARM (Anhysteretic Remanent Magnetisation) is an analysis that uses alternating magnetic fields 
to activate the different magnetic elements. This analysis is similar to the thermomagnetic 
demagnetisation. In this case, an alternating decreasing magnetic field is applied and activates the 
coercivity of the different elements, at different unblocking fields. It is necessary to apply a low DC 
magnetic field to orient the magnetic materials in a certain orientation. The range of the alternating 
magnetic fields in the laboratory experiments are HAF=200 mT, HDC=0.1 mT. 

Also, it is possible to use some parameters from the curves to determine the grain size diameter using the 
susceptibility of ARM. The relation between the susceptibility of ARM and other parameters, like the 
susceptibility or the Mrs, provides information about the grain size of magnetite. The χARM also can provide 
information about the grain size, or the mineralogical population (Peters & Dekkers, 2003). 

Anisotropy Magnetisation Susceptibility: This analysis provides information about the direction of the 
magnetic minerals on the sample (a magnetic fabric). This can give information about how the terrain has 
been displaced along the time, and provide information about the geological history in the zone, especially 
with lava flows. It is also useful to determine the sediment deposition in water.  

The AMS is defined by the eigenvalues of the susceptibility tensor. This tensor is created as follows: 

1. Define a reference system in the sample (Χi=Mi) coherent with the vector magnetometer axes 
(FIGURE 96). 

2. Demagnetise the sample, using the magnetometer axis (Hi). 
 

 
(3.1-2) 

3. The eigenvalues of this tensor are: k1=maximum susceptibility, k2=intermediate susceptibility, 
k3=minimum susceptibility. It is possible to define an ellipsoid with these three values that provide 
information about the orientation.  
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FIGURE 96. Axes definition for the AMS tensor generation. 

The application range must be the same as the ARM analysis, i.e. from 200 mT to 0 T in the magnetic fields. 
 
The determination of the ellipsoid of AMS is: 

1. Determine the susceptibility tensor.  
2. The parameters of the AMS are calculated with the eigenvalue of this matrix. 
3. Representation on an equal area projection, using k1, k2 and k3. 
4. Obtain the different parameters that appear in the TABLE 6 for information on the orientation. 

TABLE 6. ARM parameters for the orientation information. 

Parameter Equation 
Bulk susceptibility χb=(s1+s2+s3)/3 (3.1-3) 
Log mean susceptibility  (η1+ η2+ η3)/3 (3.1-4) 
% of anisotropy %h=(τ1-τ3) (3.1-5) 
“Total” Anisotropy A=(s1-s3)/χb (3.1-6) 
Anisotropy degree P=τ1/τ3 (3.1-7) 
Shape factor T=(2η2- η3- η1)/(η1- η3) (3.1-8) 
Lineation L= τ1/τ2 (3.1-9) 
Foliation F= τ2/τ3 (3.1-10) 
Log Lineation L’=ln(L) (3.1-11) 
Log Foliation F’=ln(F) (3.1-12) 
Elongation E’= τ1+0.5τ3 (3.1-13) 
Roundness R=sin(60)τ3 (3.1-14) 

 
(3.1-3) s1, s2, s3= principal diagonal of the AMS tensor 
(3.1-4) ηi=ln(si) 
(3.1-5) τi= normalized eigenvalues 

 
The distribution of the susceptibility in this projection, and the relation between the parameters, provide 
information of the orientation of the fabrics, data from (Tauxe, Assorted anisotropy statics, 2010). 
 
NRM: The NRM (Natural Remanent Magnetisation) analysis provides information about the different 
magnetisation acquired along the time. In this case, it is very important to know the original orientation of 
the sample, for the determination of the paleomagnetic direction. The form of obtaining these 
paleomagnetic direction is through a demagnetization process: either thermic or with alternating fields 
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(AF). In both cases, the projection of the NRM in a Zijderveld’s diagram gives the paleomagnetic direction as 
follows: 
 

1.  Register the original orientation of the sample. 
2.  Thermic or AF demagnetisation, measurement of the three magnetic components (Mx, My, Mz). 
3.  Representation of the data in a Zijderveld diagram 
4.  In case that more than one component exists, separate them. 
5.  Determine the direction of the components using Fisher’s statics. 

 
It is possible to obtain the information in two ways: with a thermal demagnetisation or with an AF 
demagnetisation. In the first case, the range of temperatures would be between 700 °C and 0 °C, to 
eliminate the hematite presence; in the second case, the range of intensity of magnetic field would from 
200 mT to 0 T, for the same reason. 

To summarize, the maximum values which have to be reached for the different paleomagnetic analyses are 
depicted in TABLE 7. 

TABLE 7. Summarising values of the different parameters involved in the paleomagnetic analyses. 

Parameter Baseline Threshold  
Minimum Maximum Minimum Maximum 

Temperature 0 ºC 700 ºC Tamb 700 ºC 
Magnetic fields -2.1 T 2.1 T -750 mT 750 mT 
Magnetisation -6·105 A/m 6·105 A/m -6·105 A/m 6·105 A/m 
Period of the AF 10 s 500 s 10 s 200 s 

 
The Median Destructive Field (MDF) is the magnetic field when the magnetisation is the half of the 
maximum in the IRM. The technical limitations of the instrument may make impossible the identification of 
all mineral phases present in the sample, because the MDF is excessively high and not reachable by the 
instrument. 

Dankers (1979) studied the relation between the MDF and the coercivity field, giving relations of: 
MDF=0.6Hcr for magnetite and the titanomagnetites series, and MDF=Hcr for the hematite, and taking the 
coercivity of remanence for those minerals for which there have not been found this relation. Using these 
data graph (FIGURE 97) has been calculated with the limit of detection for the different fields. 

 



 
D2.1 - Definition of instrument requirements and 

architecture. Design guidelines 
 

                                     
                                     
NEWTON 
Grant agreement no: 730041 Page 78 of 112 10 Mar. 17 

 

 
FIGURE 97. MDF and Hcr fields for different minerals and the ranks of the magnetic field of the 

susceptometer. Data origin: Peters & Dankers (2003) 

3.2. OUTLINE OF ELECTRICAL INTERFACES FOR NEWTON INSTRUMENT 
NEWTON instrument is a magnetometric device for magnetic prospections in the frame of planetary 
exploration and civil engineering use. In the frame of the project, three prototypes will be developed: 
prototypes 1 and 2 will measure the magnetic field and complex susceptibility. Prototype 3 will cope with 
the measurement of magnetic field and complex susceptibility and would include the most important 
measurements within the paleomagnetic studies. FIGURE 98 and FIGURE 99 show the corresponding blocks 
diagrams. 
 

 
 

FIGURE 98. Blocks diagram of NEWTON prototypes 1 and 2 where the electrical interfaces are outlined. 
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FIGURE 99. Blocks diagram of NEWTON prototype 3 where the electrical interfaces are outlined. 

In all the cases, the Power Distribution Unit (PDU) receives the primary power from the rover or lander (28 
V not regulated) and generates the secondary lines (V2_XX) to supply the different sensing units (vector 
magnetometer, susceptometer, etc). 

In the same way, for every prototype there is a control unit with a microcontroller responsible for the 
control, acquisition and processing of the signals of every sensing unit. 

The sensing unit is composed in prototypes 1 and 2 by the vector magnetometer and the susceptometer, 
and in prototype 3 some other sensing units will be included. The instrument will have two electrical 
interfaces with the platform: communications and power. In the frame of this project the communications 
interface will be emulated by a PC and the power interface will be connected with a batteries set or a 
commercial power source.  

At this phase of the project, the following interfaces have been identified: 

 Connector 1. MDM of 15 pins P placed on the PDU which is a power interface between PDU and 
Control Unit 

 Connector 2. MDM of 15 pins S placed on the Control Unit which is a power interface between 
Control Unit and PDU. 

 Connector 3.  MDM of 15 pins S placed on the PDU which is a power interface between PDU and 
Sensing Unit. 

 Connector 4.  MDM of 15 pins P placed on the Sensing Unit which is a power interface between 
Sensing Unit and PDU. 

 Connector 5. MDM of 15 pins S placed on the Sensing Unit which is a communication interface 
between the Sensing Unit and the Control Unit. 

 Connector 6. MDM of 15 pins S placed on the Control Unit which is a communication interface 
between the Control Unit and the Sensing Unit. 
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Despite of the number of wires, the connectors have been chosen of 15 pins to reduce the cost and due to 
the fact that there will be a minimum number to order.  

Additionally, each communications differential pair shall be twisted and the power lines shall be twisted 
with their respective return wires. Finally, the whole wire set shall be shielded (shield grounded only at 
PDU), and no galvanic isolation shall be required. 

It is important to remark, that this information gives guidelines for the design of the instrument and final 
interfaces  be defined within the WP3. 

3.2.1. Input voltage value limits 
NEWTON instrument shall be able to properly work with power voltage inputs comprised into the following 
ranges (TABLE 8):  

TABLE 8. Input voltage limits 

Voltage line Minimum value Maximum value 

+5 V + 5.00 V +5.40 V 

+ 12 V +11.85  V +12.15 V 

- 12 V - 11.85 V -12.15 V 

3.2.2. Voltage lines ripple 
NEWTON instrument shall support the following voltage ripple values (TABLE 9) in their power lines without 
performance degradation: 

TABLE 9. Voltage lines ripple 

Frequency 

domain 

+5V line 

max ripple (mVpp) 

+12V line 

max ripple (mVpp) 

-12V line 

max ripple (mVpp) 

0 -300 kHz 150 150 150 

300 kHz - 30 MHz 150 150 150 

3.2.3. Current consumption per line 
The power consumption for prototypes 1 and 2 will not exceed 1.5 W. In prototype 3 there is not a 
requirement on the power consumption a priori.  

NEWTON instrument operation shall be enabled after +5V (TBC) POWER ON of the Control Unit. Which will 
enter the initialization mode. In the same way, magnetometer operation shall be disabled by removing 
(switching OFF) the +5V of the PDU to the Control Unit.  
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3.3. MISSION REQUIREMENTS 
Mission requirements have been defined according to Exomars 2020 because it is considered as a good 
reference for a target mission for NEWTON instrument. 

3.3.1. Thermal Regime 
The thermal requirements for blocks in the thermalized area will be from - 20 to + 40 °C in operation and 
from - 50 to + 50°C in storage. The parts deployed in the booms (sensing head) will have to stand 
temperatures from - 90 to +40 °C. 

3.3.2. Linear Acceleration 
Maximum linear acceleration performance is determined by the conditions of landing of the descent 
module (DM) in the Martian atmosphere and landing on its surface are given in TABLE 10. 

TABLE 10. Linear acceleration table 

The operational phase Acceleration ax (g) Acceleration az (g) Duration (s) 
Braking in the atmosphere 10,0 ± 1,0 Static 
Enter parachutes system 10,0 ± 2,5 0,05 – 0,20 
Landing 6,5 ± 5,5 0,03 – 0,10 
Note that it is calculated with g = 9,81 m/s2 

3.3.3. Criteria of Rigidity 

The instrument must not have resonant frequencies less than 40 Hz.  

3.3.4. Vibrational dynamics operating conditions 

The vibrational dynamics operating conditions are given in TABLE 11, TABLE 12 and TABLE 13. NEWTON 
project does not foresee the vibration of the prototypes but in principle the qualification will be done by 
analysis. 

TABLE 11. Qualifying stationary modes of vibration effects for the harmonic vibrations in the frequency 
range up to 20 Hz, g = 9.81 m/s2  

The operational 
phase 

Time 
action (s) 

Place installations 
and equipment 

The sub-bands of frequencies(Hz) 

1-2 2-5 5-10 10-20 

The amplitude of acceleration, g 

Work from launch 600 On landing module 0.3-0.5 0.5 0.5-1.0 1.0 

Operation of the 
propulsion system 
booster 

3200 On landing 
module 0.2-0.3 0,3-0,4 0.4-0.5 0.5 
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TABLE 12. Qualifying mode stationary vibration effects for random vibration in the frequency range from 20 
to 2000 Hz 

The 
operational 

phase 

Time 
actio
n (s) 

Place installations and 
equipment 

The sub-bands of frequencies(Hz) 
20-50 50-100 100-200 200-500 500-1000 1000-2000 

The amplitude of acceleration (g) 

Work rocket 
stages 

120 

On landing module, except 
to honeycomb panels. 0.02 0.02 0.02-

0,05 0.05 0,050-
0,025 

0.025-
0.013 

Cell panels with the packing 
density more than 30 kg per 
1 m2 panel 

0.04-
0.05 

0.05-
0.06 

0.06-
0.10 0.1 0.10-

0.06 0.06-0.03 

Cell panels with packing 
density less than 30 kg per 1 
m2 panel 

0.04-
0.08 

0.08-
0.10 0.1-0.2 0..2 0.20- 

0.06 
0.06- 
0.03 

480 On landing module 0.02 0.02 0.02 0.020-
0.008 

0.008-
0.004 

0.004-
0.002 

Operation of 
the propulsion 
system booster 

3200 On landing module 
0.003

-
0.006 

0.006
-

0.012 

0.012-
0.014 0.014 0.014-

0.010 
0.010-
0.005 

Operation of 
the engines of 
the spacecraft 

3500 On landing module 0.001 
0.001

-
0.002 

0.002 0.002-
0.001 

0.0010-
0.0005 0,0005 

TABLE 13. Qualifying stationary modes of vibration effects when exposed to harmonic vibrations 

The operational 
phase 

Place installations and 
equipment 

The sub-bands of frequencies (Hz) 

20-40 40-80 80 
-160 160-320 320-640 640-

1280 
1280 
-2000 

The amplitude of acceleration, g 

Work rocket 
stages 

On landing module, 
except to honeycomb 

panels. 
1.0-1.5 1.5-2.0 2-4 4-7 7-9 9 9 

Cell panels with the 
packing density more 
than 30 kg per 1 m2 

panel 

1.5-2.0 2-3 3-6 6-10 10-12 12 12 

Cell panels with packing 
density less than 30 kg per 

1 m2 panel 
1.5-2.5 2.5-4.0 4-8 8-13 13-15 15-12 12 

Operation of the 
propulsion system 

booster 
On landing module 0.4-0.8 0.8-2.0 2.0 -

2.5 2.5-4.0 4-5 5 5 

Operation of the 
engines of the 

spacecraft 
On landing module 0.2 0.2 0.5 0.5 0.5 1.0 1.0 
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3.3.5. Impact 
Impact limits are not applicable. 

3.3.6. Environment 
The equipment must be efficient and should operate without significant deviations respect to nominal in 
the following conditions: 

1) Changes of the pressure from 106.7×103 to 1.3×10-11 Pa (800 to 10-13 mm Hg.St.) with a change rate of 
2.7×103 Pa/ºC (20 mm Hg.St./ºC). The curve of pressure drop in the landing module (with a proton) is 
depicted in FIGURE 100. 

2) Pressure change rate of: 2.7×103 Pa (20 mm Hg.St./ºC) during the period from the start to launch in an 
orbital flight when ambient pressure is 1.3×10-11 Pa (10-13 mm Hg.St.). 
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FIGURE 100. Pressure drop. 

All ground works are carried out under the following conditions: 
 Ambient temperature from + 15 to + 35 °C, relative humidity up to 90 %; 
 Air cleanliness class at least 8 of ISO to GOST ISO 14644-1-2002 . 

 
 The pressure change during landing to Mars is shown in FIGURE 101. 
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FIGURE 101. Extreme pressure profiles for the three scenarios of the atmosphere and three points of 
landing.  

3.3.7. Requirements for planetary protection 
For the flight models of the blocks of the on-board equipment of DM (category IVа classification COSPAR), 
the density of microbial contamination of surfaces (external and internal) at the end of their builds should 
not exceed 300 bacterial spores per square meter. 

3.3.8. Radiation requirements 
Electronic components of the instrument must stand a dose of 5.6 Gy with aluminium protection with a 
thickness of 1 mm or 1.56 Gy with a thickness of 3 mm. 
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4. INSTRUMENT ARCHITECTURE AND DESIGN SPECIFICATIONS 

4.1. PROTOTYPE 1 AND PROTOTYPE  2 
The architecture of NEWTON instrument has been already introduced in section 3. Now, in this section a 
more detailed description is reported, as well as the design specifications of the three prototypes. 

As aforementioned, NEWTON instrument operation shall be enabled after +5 V (TBC) POWER ON of the 
Control Unit. Which will enter the initialization mode. In the same way, magnetometer operation shall be 
disabled by removing (switching OFF) the +5 V of the PDU to the Control Unit.  

The main difference between prototype 1 and 2 is the power supply, in the case of prototype 1 we have 
three different power supplies: 

TABLE 14. Power lines of prototypes 1 and prototype 2. 

+5 V line 

max ripple (mVpp) 

150 

+12 V line 

max ripple (mVpp) 

150 

-12 V line 

max ripple (mVpp) 

150 

We can use directly these voltages to power the digital and analog circuits. 

In the case of prototype 2 our power source are portables batteries. The frame time foreseen for the 
measurements in this case is much shorter. Therefore, in this case, the power will be generated with an 
array of ten 1.2 V rechargeable batteries. This will provide + 5 V and + 12 V and, switching DC-DC converter 
we will provide -12 V power supply. Other possibility is to power the circuit with +/- 6 V and to use two 
class D power amplifiers working on tandem to get the adequate current. 

The maximum problem with the low level of power supply is how to attain current enough to adequately 
power the magnetic head and the class D amplifiers. We pretend to study the viability of using 
supercapacitors to give the current during the short measuring times. They will be charged during longtime 
at a very low current and at higher tension. 

Prototype 3 will be powered by a 12 V car battery, we intend to build a DC/DC converter to generate all the 
necessary voltages and currents. 

 
FIGURE 102. Portable/space susceptometer. 



 
D2.1 - Definition of instrument requirements and 

architecture. Design guidelines 
 

                                     
                                     
NEWTON 
Grant agreement no: 730041 Page 86 of 112 10 Mar. 17 

 

The system is able to generate two analog signals: 
 

1) The fine-tuned frequency signal output used to create the magnetic field in the excitation coil. An 
SPI digital oscillator provides this signal with a 1 ppm accuracy, and a DAC converts to the analogic 
domain. The phase is also adjustable in ppm. 

2) A reference output to control the Phase detector unit in order to generate correctly the Phase and 
Amplitude outputs. Again an SPI digital oscillator and a DAC are used here. 

A Power Amplifier that excites the primary coil via a resonant circuit amplifies the cited signal. To reduce 
power consumption the exciting signal is generated by using an integrated class D power amplifier (i.e. 
MAX 98357 A). The output of this amplifier goes to a resonant circuit, the resonant circuit is shown in 
FIGURE 103. 
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C2

V

I1+I2
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Vi  
FIGURE 103. Resonant circuit 

The characteristics of this resonant circuit must be changed by the microcomputer, in order to obtain 
several exciting frequencies. There are two possibilities: 

1. A bank of capacitors controlled by relays. The weight and consumption of the relays and the high 
currents in the contacts make this solution very complicated. 

2. To use magnetic amplifiers and tune the circuit changing the impedance of the system FIGURE 104. 
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FIGURE 104. Resonant circuit with magnetic amplifier. 

We must do further experimental tests to select one or the other configuration. 

For the lock amplifier we will use the AD630 by Analog Devices that is a complete lock-in amplifier except 
for phase adjust but we have solved the phase control using two digitally controlled oscillators with a single 
clock. 

 

 
FIGURE 105. AD 630 Scheme. 

 

Sensor head is a ferrite with H-shape as depicted in the FIGURE 106. 
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FIGURE 106. H-shaped ferrite core with primary coils. 

The primary coils create a magnetic field in the circuit. 
 
The election of the sensor head material is a difficult compromise, the magnetic field induced in the sample 
(H2) increases with permittivity (µ) of the sensor head material  

 (4.1-1) 

H2 also increases as sample permittivity µ1 decreases; also, H2 depends on the head equivalent length (L) 
and on the sample equivalent length, (l). Additionally, the sensitivity is described by: 

 
(4.1-2) 

So, sensitivity decreases with core material permittivity. 
 
The measurement of the complex permittivity of sample also depends on the complex permittivity of the 
core. The signal induced in the secondary coils depends on the magnetic field B in the core. This field is the 
same in the core and in the sample.  To perform the measurement, we subtract the tension induced in the 
secondary coils with a sample (one of the gaps created by the H) from the one induced in the secondary 
coils without samples (the other gap). This voltage is proportional to the difference of the magnetic fields 
on both magnetic circuits. After some approximations, the real part of this difference is: 

 (4.1-3) 

being N the number of turns of the primary coil, I1 the intensity on it, µ1r the real part of the core 
permittivity, µ2r the real part of the sample permittivity, µo the air permittivity, l1 the core equivalent 
length  and l2 the sample equivalent length. Then, it is possible to obtain the real part of the sample 
permittivity. 
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After some approximations, the imaginary part of this difference is: 

 (4.1-4) 

µ1i is the imaginary part of the core permittivity, µ2i is the imaginary part of the sample permittivity. Then 
it is possible to obtain the imaginary part of the sample permittivity. FIGURE 107 shows the relative error 
made with our approximations vs. the sample susceptibility.   

 
FIGURE 107. Error in approximation for the imaginary contribution of the susceptibility 

4.2. PROTOTYPE 3 
The third prototype is designed to perform magnetic measurements in cylindrical samples (20 mm 
diameter and 20 mm height) with a large range of magnetization and susceptibilities. The working principle 
is similar to that operating in a VSM. The main difference resides in the lack of necessity of a large 
electromagnet. The problem of vibrating a large sample is partially simplified by using frequencies in the 
order of Hertz. An in-phase detection and an alternative measurement must be used in order to improve 
the signal to noise response and sensitivity. Besides that, the lock-in measurement ensures immunity in the 
presence of different frequency noise.  

We think in an alternative displacement mechanical system. The sample movement will not be sinusoidal at 
very low frequency, so integrating based method, combined with an in-phase detection, to avoid drift 
problems looks to be a suitable alternative.  

FIGURE 108 shows the block diagram of the low frequency magnetic measurement system. 
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FIGURE 108. Block diagram of the prototype 3. 

Digital controlled Mechanical displacement system: The displacement system is based in a linear gear 
actuated by a circular gear directly coupled to a stepper motor, with a reduction in the order of 10:1 as 
shown in FIGURE 109 and FIGURE 110. We can use these devices controlled by a micro controller and a 
L298 motor driver. This configuration is preferred to use a conventional motor driver, because in our 
experience with this structure, and with the flexibility in the motor control, the frequency control and the 
sample vibration is improved. The linear gear will be directly connected to a 10 mm diameter tube to drive 
de displacement of the sample holder. 

 
FIGURE 109. Stepper motor scheme and characteristics. 
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FIGURE 110. Steeper motor drawing. 

The sample holder is made of a 30 mm inner diameter by 33 mm outer diameter and 300 mm length tube 
in which the sample can be placed in any desired orientation. The system is designed to allow linear 
displacement inside of the array of secondary coils and a perfect compensation of the magnetic flux 
induced with no sample on the sample holder. The sample position is detected with an LVDT placed at the 
free end of the 10 mm methacrylate rod, a resistive sensor or any other commercial sensor suitable for that 
purpose. 

ULTRA LOW FREQUENCY COIL DESIGN (0-30kHz): The primary coils are designed to produce uniform 
magnetic field in a cylindrical volume of 5 cm diameter and 12 cm length. We have performed the calculus 
with MAPLE 18. The program allows calculation of the magnetic field in the coil axis and its resistance. We 
suppose a power amplifier able to produce 80 V of maximum voltage output and current limited to 8 A. 

In the case of a single coil with the proposed dimensions, the magnetic field created within the primary coil 
is not homogeneous. This inhomogeneity of the field can be greatly improved by adding additional coil 
layers at the end of the primary coil, as shown in FIGURE 111. 

Calculations show that optimal results, for maximum homogeneity within the primary coil are achieved 
with the following configuration:  

 Inner radius A1 : 0.028m 

 Coil layers B1:  10 

 Coil length C1:   0.009 m 

 Wire diameter 0.5 mm 

 Current:  1 A 

 H homogeneity in central zone (16 cm length) is 0.0009. Maximum field:  11766 A/m 

 Resistance: 40 Oh 
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(a) (b) 

FIGURE 111. (a): Diagram of proposed primary coil shape. (b): Magnetic field distribution along coil axis 

The results for calculations can be resumed in the following table: 

TABLE 15. Summary of the characteristics of the coils 

w. diameter  H (A/m) 1 A Resistance  H A/m  80V I current 80 V Current 
limited 8A 

H   Oe 

1.5 3946 1.74 181425.287 45.9770115 31568 394.6 

1 5886 5.38 87524.1636 14.8698885 47088 588.6 

0.8 7353 10.19 57727.1835 7.85083415 57727.18351 721.589794 

0.5 11766 40 23532 2 23532 294.15 

 

 
 

(a) (b) 

 

FIGURE 112. (a): Proposed primary coil configuration. (b): field measurement. 
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To test the validity of our calculus we have built the coil presented on FIGURE 112(a) similar to the 
proposed in FIGURE 111, with 4 layer in coil 1: 

 Resistance 4.7 Ohm 

 Inductance 13.2 mH 

 H field 3680 

The magnetic field is the expected and also uniformity in the central zone (0.011). 

LOW-MEDIUM FREQUENCY COIL DESIGN (10 – 800 kHz): In this frequency range, the appearance of 
induced Eddy currents is of relevance. Therefore, only single layer coils can be used. Due to skin effect, the 
current will flow mainly through the conductor surface. To attain high magnetic field, a very large current is 
needed through the coils, and coil refrigeration may be necessary. For this reason drilled cooper tubes are a 
good election to make the coils. 

The skin depth δ is given by the expression: 

 
(4.2-1) 

Being µ the magnetic permeability, ε electrical susceptibility, ρ resistivity and w =2 π f, being f the 
frequency 

FIGURE 113 shows δ as a function of the frequency for copper. 

 
FIGURE 113. Skin depth vs frequency for copper. 

On the other hand, the resistance for a cylindrical conductor is: 

 
(4.2-2) 

Being lh the length and ro the radius. 

 
(4.2-3) 

For a single layer coil, being d the wire diameter, Rs the coil diameter and l the coil length.  
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In FIGURE 114 the resistance of a coil versus frequency (Rs=2cm, d=3mm, l=20 cm) is shown. 

 
FIGURE 114. Resistance vs frequency for a 3 mm diameter wire. 

The main problem to achieve large magnetic fields inside a solenoid is the self-induction, L, which follows 
this relation: 

 
(4.2-4) 

L values vs wire diameter is shown in FIGURE 115. L is in the range of 10-4 H. For frequencies in the order of 
kHz, in order to achieve a current of 100 A, the power source must dissipate hundreds of watts. 

 
FIGURE 115. Self-induction vs wire diameter. 

To overcome this problem we suggest to use the circuit in FIGURE 116.  
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R2

C1

C2

V0  
FIGURE 116. Resonant electrical circuit 

With the proposed design and values, a 40 V power source can be produced a current of 100 A through the 
solenoid with voltage lower than 400 V, calculations with MAPLE 18 shows that under these conditions, the 
magnetic field generated presents a maximum field achieved is 28,800 A/m which corresponds to a copper 
tube of 3-4mm diameter.  

DC-ultra low frequency intense magnetic field production system: low frequency and intense magnetic 
fields, electromagnets and vibrating sample system are the most adequate to perform this kind of 
measurements, but the application of this device in field measurement campaigns (hand portable device) is 
not possible because of  the weight and size of the electromagnet and vibrating device. Besides that, the 
size of samples (20 mm diameter, 20 mm length) cannot be measured in these kind of system because their 
relatively high weight, make them incompatible with vibration system, and they are likely to exit the 
uniformity area of the magnetic field in a conventional electromagnet (see FIGURE 117). For these samples, 
it would be necessary 50 mm diameter poles to obtain an adequate uniformity in the central zone of the 
gaps. The need of intense magnetic field makes electromagnets the most suitable selection.   One 
possibility is to change the electromagnet poles shape to increase the field uniformity but reducing the 
maximum magnetic field. 
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FIGURE 117. Single electromagnet. 

Ellipsoidal poles shape produces a very uniform magnetic field in spite of the small electromagnet size. A 
simple calculus for the electromagnet proves that magnetic fields up to 0.7 T can be obtained in the 
electromagnet gap. More precise calculus and simulations will be performed during project. 

The area of uniform field does not allow vibrating measurement. This can be solved by using two 
electromagnets in tandem as shown in FIGURE 118. With this configuration we can perform two different 
kinds of magnetic measurements. 

 

 

 
 

(a) (b) 

FIGURE 118. (a): proposed configuration for two electromagnets. (b): detail of pick-up coils 

1. Sample magnetization measurement 
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 Place two secondary coils in series in each electromagnet and connecting both system of secondary 
coils between them in series opposition. 

 Connect the electromagnet in series. 

 When the sample is displaced from an electromagnet to the other the change of magnetic flux in 
secondary coil system is due to sample magnetization 

 

2. Susceptibility and demagnetization measurements 

 Place two secondary coil in series in each electromagnet and connecting both systems of secondary 
coils between them in series. 

 Connect the electromagnet in series opposition. 

 When the sample is displaced from an electromagnet to the other the change of magnetic flux in 
secondary coil system is due to the change of magnetization of the sample under the action of the 
topological alternating magnetic field. 

 In both cases flux changes due to current oscillation in electromagnets are auto compensated in the 
secondary coils . 

 In principle, the best shape for the electromagnet poles is aspheric because this shape has 
maximum demagnetizing factor for iron poles. The maximum allowable magnetic field is 0.6 T 
produced by the magnetic poles. The total field, adding the field produced by the coils is 0.7- 0.8 T 

Secondary  measurement set up: In FIGURE 119 the secondary set up is shown. It is designed for a magnetic 
field produced by a solenoid system. It is formed by four coils: two for sample measurement (between 100 
to 500 turns) and other two  to compensate the flux produced by the coils. This compensation is very 
important in AC measurements. The coils are connected in series-opposition and the compensation is 
reached by displacing the coils in the solenoid 

In the case of electromagnets the measurement will be done in very low frequency so that an array of 
secondary coils connected in opposition is enough to obtain good results. 

 

 
FIGURE 119. Secondary coils array for solenoids. 

Lock-in Amplifier:  the measurement system is based on a lock-in amplifier. The input signal comes from the 
integrator, it is an alternative signal produced by the oscillation of the sample inside of the array of 
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secondary coils. The amplitude, frequency and phase of this signal is related with the amplitude, frequency 
and phase of the sample mechanical oscillation, which is detected by position measurement system. The 
position measurement system generates a CMOS digital signal that is used by the lock-in as reference 
signal, the phase of this signal respect to the initial one can be adjusted digitally by the lock-in circuit. 

Having into account the low frequency of the mechanical system, we can build the lock-in amplifier in two 
ways: 

1) As an analog device. The block diagram is shown in FIGURE 120. We have used this kind of 
circuit in other previous developments. There several Ic that have the main part of the 
electronic circuit built-in. 

2)  Using a microcontroller programmed to perform the mathematical lock-in operation. At the 
first moment this solution can seem the best option, but it is necessary to use a high fast 
microcontroller for all the operations and a very ADC fast and with high resolution of 24 bits. 

 

Low noise 
amplifier 

Analog 
Inverter 

Low pass 
filter 

Micro controller 

 
Ref 
input 

Phase 
adjust 

ADC  
FIGURE 120. Lock-in architecture. 

To make an analog lock-in it is necessary to use devices that can make mathematical operations. The 
general block diagram of this design is shown in the FIGURE 121. 

In the multiplier we are going to use two devices: one of them is an operational amplifier, it could be OP484 
or someone similar. The other device is an analog switching named DG211 fabricated by INTERSIL. 

The low pass filter is a first grade circuit, and can be made using just an operational amplifier, capacitor and 
resistor.  

It is not necessary to use an upper grade circuit because the distance (in frequency domain) is enough 
between the 0Hz peak and the double frequency peak and all of the harmonic frequencies.  
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FIGURE 121. Block diagram for analog Lock-in amplifier 

The constant signal that outs from low pass filter to the microcontroller is converted by microcontroller’s 
ADC, and processed by a CPU that could be implemented inside the microcontroller itself or in other device 
more complex and situated in an upper step of the electronic control design. 

To generate and control the reference signal, one of the microcontroller comparator can be used. With this 
utility the frequency of the signal can be known and used to generate the true reference signal. 

This microcontroller can be also used to control the reference signal generator with SPI communications 
protocol.  This serial port communicates the microcontroller with AD9833 device that is itself, a signal 
generator. 

The signal generator AD8933 is joined with a digital to analog converter. The selected one is AD7628 which 
is controlled by a parallel port included too in the microcontroller. The signal which outs from the DAC is 
the input of an amplifier step that transforms the output of DAC (which is defined like current output) in a 
voltage output (trans-impedance amplifier) 

Digital Lock-in: using a microcontroller, a digital converter can be designed using its high processing 
capability. The microcontroller generates a signal that is the reference signal using a procedure based on 
the microcontroller’s comparator. It writes a relation table with a time axis and a voltage to number 
converted data.  

The signal which has to be processed is connected to a microcontroller’s ADC and converted into a numeric 
data. This data is subtracted with de signal saved in the microcontroller’s memory. The difference between 
the two signals is the result required. 

To perform this type of lock-in, it is necessary to use a microcontroller which processing capability could be 
faster than the signal to process itself. In each sample, the microcontroller has to convert the input voltage, 
access to a concrete memory position, does the subtraction and establishes the difference between signals. 
And it has to do that at least 4 times each period. 
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Digital signal generator: The signal generator is performed using two devices: a signal generator itself 
named AD9833 and a digital to analog converter named AD7628. Both of them manufactured by Analog 
Devices. 

AD9833: This device is a signal generator controlled by SPI serial port protocol. Its technology is formed by 
several registers that contain all the information related with frequency and phase information about the 
signal.  

 
FIGURE 122. Functional block diagram for AD9833. 

AD9833 has 3 types of registers: 

1) Control register: handling this register means control all the facilities of this device. Including signal 
form, sleep mode… 

 
FIGURE 123. Control register for AD9833. 

2) Frequency register: handling this register means control the frequency of the signal. This register 
has 28 bits and can establish frequencies with resolution depending on the system clock 

a. If the system clock has a clock rate of 25 MHz, the resolution is 0.1 Hz 

b. If the system clock has a clock rate of 1 MHz, the resolution is 0.004 Hz. 

The operation done to achieve the searched frequency is:  

 (4.2-5) 

Where: fMCLK is the clock frequency and FREQREG is the data placed in the register. 

3) Phase register: this register, in a similar way with frequency register, can change the phase of the 
signal. The operation that the device perform is: 
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 (4.2-6) 

Where PHASEREG is the data placed in the register. 

AD7628: This device is a digital to analog converter (DAC) controlled by parallel port. In the design it is used 
to control the signal amplitude. It is connected with AD9833 and with the microcontroller which can change 
the information of its parallel port. 

 
FIGURE 124. Functional block diagram for AD7628. 

The maximum dynamic range to achieve the desired amplitude is established using the two Vref signals. 

Because the device has two integrated converters, the user can to select which one is more appropriate 
and it is possible to change the signals, DACA/DACB and WR as could be seen in TABLE 16: 

TABLE 16. Mode selection table for AD7628. 

 
To perform a bipolar conversion (It is from positive output voltages to negative), it is necessary to include a 
stage formed by operational amplifiers. In AD7628 data sheet, there are a couple of examples to do a 
unipolar conversion or the desired bipolar conversion.  

In this kind of setup, the code table is shown in TABLE 17: 
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TABLE 17. Code table for the proposed setup. 

 
As it is shown in FIGURE 125, the input voltage is multiplied by a wide range between -1 to +0.992 V. To 
achieve that the setup which has to be implemented is similar to: 

 
FIGURE 125. Block diagram for AD7628 and supplementary electronics development. 

Using for that LMC6484 as operational amplifiers. 

Integrator: the integrator is a conventional one, based on an ultra-stable chopped operational amplifier 
with a input impedance of 1 K and one micro controller to adjust the zero by short cutting de feedback 
capacitor. The drift is compensated automatically using DAC. The gain is controlled with the feedback 
capacitor and with four gain level made with operational amplifiers. 
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5. SUMMARY AND CONCLUSIONS 

This document reports the main operational requirements of NEWTON instrument to operate on Mars and 
the Moon surface in future exploration missions. The document also gives guidelines for the design of the 
multi-sensor instrument which will be tackled in the framework of work package 3. 

NEWTON instrument will allow to perform for the first time on-site measurements of the magnetic 
susceptibility (real and imaginary parts). This will provide a complete characterisation of the rocks based on 
magnetic measurements. The multi-sensor instrument will be suitable for boarding on a planetary 
exploration rover in the short-term opening a new breach in future space exploration missions, as the 
exploration of the Solar System. With this regard, some of the next objectives in the roadmap of the 
exploration of the Solar Systems are to understand the intense magnetic crustal anomalies of Mars and the 
strongly discussed formation of its moons as well as the exploration of the Moon.  

Due to these reasons, NEWTON project has focused its main field of application on these two space 
exploration scenarios while the capabilities of NEWTON instrument in civil engineering applications will be 
also studied during the project. The presented report represents the State-of-the-Art up to the end of 
January 2017. After a general Introduction in section 1, analyses of application scenarios for NEWTON 
instrument during future in situ measurements on Moon, Mars and Earth surface rocks are described and 
illustrated in section 2. In particular, mineralogical and geological as well as partly related magnetic 
characteristics of distinct surface rocks on these telluric bodies are considered in this context. Additionally, 
terrestrial analogues for the different scenarios have been also identified with the aim of validating the 
performance of the instrument in these representative places in the framework of work package 5.  

Based on these possible application scenarios the instrument requirements are described and illustrated in 
Chapter 3. These aspects include definitions for the electrical interfaces as well as considerations 
concerning the use of materials which should be able to resist the extreme physical conditions during 
future measurements on the Moon and Mars. Finally, the system architecture and technical specifications 
for the NEWTON prototypes are presented in section 4. In particular, three different prototypes will be 
designed within work package 3. Prototype 1 will be designed for planetary exploration missions with an 
envelope adapted to a rover-mounted payload. Prototype 2 will be a reduced version of the prototype 1 
implemented on a hand-held device for a rapid and preliminary analysis of surface during prospections on 
Earth. Finally, Prototype 3 will be an advanced system for the in-situ analysis and full magnetic 
characterization of drilled samples in medium term missions with more powerful rovers or base stations. 

It is important to remark that the information included in this deliverable is part of the work-in-progress in 
NEWTON project , the described application scenarios as well as the definition of the instrument 
requirements and architecture will be regularly revised and improved during the ongoing project. . The final 
results of the work performed in WP2 will be included in the project deliverables D2.2 and D2.3. 
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