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Abstract

Mars has a magnetic field originating in its strongly magnetised crust that holds clues to the planet’s interior. The relation

between magnetic anomalies and the underlying crustal magnetisation is complex because of magnetic structures that produce

no observable field. We use a recently-developed method to isolate these “invisible’ structures to explore explanations for the

observations. The strong magnetisation suggested by ground observations from InSight can be obtained simply by adding

a suitable invisible magnetisation to that required to explain the data. A thin Northern Hemisphere and thick Southern

Hemisphere crust produces magnetic anomalies confined around the equator, not the Southern Hemisphere. Variations in

crustal thickness produce differences with the satellite field, most notably strong anomalies associated with the impact craters

that are not in the data. Magnetisation may be confined to depths greater than that of the craters, or anomalies from shallower

material are not observable at satellite altitude.
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Abstract16

Mars has a magnetic field originating in its strongly magnetised crust that holds17

clues to the planet’s interior. We apply vector spherical harmonic decomposition to sim-18

ple candidate magnetic structures to separate the parts responsible for the anomalies from19

those that remain invisible. A uniform magnetic layer produces no anomalies: spatial20

variations are essential although secondary magnetisation does produce a weak field that21

might reflect the primordial dynamo field. A hemispheric layer produces anomalies con-22

fined to the equator rather than the observed hemispheric difference. A uniformly mag-23

netised crust with variable thickness determined from gravity and topography produces24

a crustal field with large anomalies at the major impact crater sites that are not observed.25

These anomalies are not present if the magnetic layer lies deeper than the crater floor.26

We conclude that decomposing magnetisations in this way is a useful tool in the inter-27

pretation of Martian magnetic anomalies.28

Plain Language Summary29

Four billion years ago Mars had a magnetic field generated by a dynamo operat-30

ing in its liquid core, as Earth has today. It cooled faster than Earth and dynamo ac-31

tion ceased but not before it had magnetised the planets crust. This study is made top-32

ical by the arrival of the Chinese rover Zhurong, which is capable of carrying out a ground33

magnetic survey. The lander InSight recorded a magnetic field some ten times stronger34

than expected from measurements made by satellite in orbit . Here we use a relatively35

new technique to separate proposed magnetic structures into their “invisible” and “vis-36

ible” parts. We show this while the magnetic field is stronger in the Southern Hemisphere37

than the North, this does not imply one hemisphere is more strongly magnetised than38

the other. Strong ground measurements can be explained by a strongly magnetised, in-39

visible, shell that has been broken up into smaller, visible, fragments. Larger impact craters40

have no magnetic anomaly, an observation often attributed to removal of the original mag-41

netised material; we show the anomaly remains if the surrounding crust is strongly mag-42

netised and propose the source of the anomalies lies deeper than the bottom of these craters.43

1 Introduction44

Determining magnetisation from observations of the crustal magnetic field is dif-45

ficult because a wide variety of magnetised bodies do not have an observable field. This46

problem is particularly acute when the magnetisation is remanent, as on Mars, rather47

than induced, as on much of Earth’s continents, because all 3 components of the vec-48

tor magnetisation must be found rather than just the scalar susceptibility. Most inter-49

pretation is therefore done by forward modelling using a candidate distribution of mag-50

netisation. Decomposition into vector spherical harmonics (VSH) separates the part of51

the magnetisation responsible for the observed field, the “visible” part, from the part that52

produces no magnetic field, the “invisible” part (Gubbins et al., 2011). This is useful be-53

cause knowing the invisible part can direct further study using different data, such as54

gravity, geology, and topography. In this preliminary study we explore the value of VSH55

decomposition of models of Mars’ crust.56

Mars’ remanent magnetisation has the same hemispheric dichotomy as the grav-57

ity field and topography: lowland plains in the Northern Hemisphere have weak mag-58

netic fields whereas the mountains of the Southern Hemisphere have strong magnetic fields.59

The dichotomy is the oldest geology (Watters et al., 2007; Bottke & Andrews-Hanna,60

2017), thought to have formed when a dynamo was active in the core of Mars (Mittelholz61

et al., 2020). Younger craters (e.g. Hellas, Isidis, Argyre) are thought to have formed af-62

ter the dynamo ceased to operate at around 4.1 Ga (Lillis et al., 2008) because they lack63

magnetic anomalies; anomalies of even younger craters (e.g. Apollonius Pateras, Lucius64
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Planum) point to an active dynamo as late as 3.8 Ga (Hood et al., 2010; Mittelholz et65

al., 2020). Either there was a gap in dynamo activity around 4.1-3.8 Ga or craters have66

been demagnetised (Mittelholz et al., 2020).67

Satellite missions to Mars have resulted in several orbital models of the global mag-68

netic field, reviewed recently by (Smrekar et al., 2018). Here we use the most recent one69

of Langlais et al. (2019), which has resolution around 150 km. There is a single ground70

measurement, made by the lander InSight, which is some ten times that predicted by71

the orbital model (Johnson et al., 2020) and promise of further ground data in the near72

future from the Chinese rover Zhurong, which carries a magnetometer that could pro-73

duce a small-scale survey.74

Mars’ crustal remanence is some ten times stronger than Earth’s. It depends on75

the strength, morphology and timing of the primordial dynamo field, the magnetic min-76

erals in the crust, and the thickness of the magnetised layer. Most studies start from a77

shell that becomes magnetised as the planet cooled early in its history, which is altered78

by subsequent activity [e.g. Milbury and Schubert (2010)]. Arkani-Hamed (2003, 2005)79

considered secondary magnetisation of a deeper layer that cooled below the Curie tem-80

perature after dynamo action ceased and was magnetised by the overlying magnetic layer.81

The depth of the magnetic layer is estimated at 30–72 km from spectra (Voorhies, 2008;82

Lewis & Simons, 2012; Gong & Wieczorek, 2021), with an average of 50 km, close to the83

crustal thickness estimated from gravity and topography (Wieczorek et al., 2019). Solomon84

et al. (2005) suggest the magnetic anomalies are associated with variations in crustal thick-85

ness.86

Two theories of the origin of the dichotomy are debated: degree-1 mantle convec-87

tion, which formed the northern plains and southern highlands (Zhong & Zuber, 2001;88

Nimmo & Gilmore, 2001; Ke & Solomatov, 2006) and giant impact or impacts hitting89

what is now the Northern Hemisphere (Frey & Schultz, 1988; Marinova et al., 2008; Andrews-90

Hanna et al., 2008; Bottke & Andrews-Hanna, 2017). Most authors have assumed a dipo-91

lar primordial dynamo field and there are many estimates of primordial paleopoles (Thomas92

et al., 2018). Stanley et al. (2008) explain the strong southern hemisphere magnetic fields93

with a hemispheric dynamo, which has magnetic field confined to one hemisphere. Degree-94

1 mantle convection or a giant impact could produce strong heat flux variations on the95

core-mantle boundary, inducing downwelling in the core. This concentrates magnetic field96

lines over the downwelling, a mechanism used to explain the concentration of Earth’s mag-97

netic field on the longitudes of the subduction zones of the Pacific rim (Bloxham & Gub-98

bins, 1987).99

The major magnetic features to be explained are the absence of strong anomalies100

in the northern lowlands, major impact basins of Hellas, Isidis, and Argyre, and part of101

the Tharsis bulge. These absences have been attributed to many different causes, includ-102

ing variation in crustal thickness, thermal demagnetisation, burial by later lavas erupted103

after dynamo action ceased, impact demagnetisation by excavation, and hydrothermal104

alteration (Solomon et al., 2005; Lillis et al., 2008, 2009; Morschhauser et al., 2018; Mit-105

telholz et al., 2020). Thus a weak magnetic field region is normally taken to mean the106

crust beneath is weakly magnetised or thin, as in the northern lowlands; likewise, strong107

magnetic anomalies in the southern highlands are taken to mean strongly magnetised108

or thick crust. However, the relationship between magnetisation and magnetic field is109

not so simple: here we challenge this simplistic interpretation.110

Our forward modelling approach starts from a simple geologically plausible model111

of magnetisation that is decomposed into VSH to determine the extent of the invisible112

part. The geological foundation is then progressively refined to improve the fit to the ob-113

servations In this preliminary survey we use VSH decomposition to study 3 simple pos-114

sible scenarios: a uniform crust that is strongly magnetised everywhere, a new analysis115

of Arkani-Hamed’s secondary magnetisation, and anomalies caused by a uniformly mag-116
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netised crust of variable thickness. It follows comparable studies for the Earth (Masterton117

et al., 2012; Williams & Gubbins, 2019).118

2 Method119

The VSH are simple combinations of scalar spherical harmonics120

Y m
n,n+1 =

rn+2√
(n+ 1) (2n+ 1)

∇
[

1

rn+1
Y m
l (θ, φ)

]
(1)

Y m
n,n = − i√

n (n+ 1)
r ×∇Y m

n (θ, φ) (2)

Y m
n,n−1 =

1

rn−1
√
n (2n+ 1)

∇ [rnY m
n (θ, φ)] , (3)

where (r, θ, φ) are spherical coordinates and Y m
n is a complex mean-normalised scalar121

spherical harmonic of degree and order n,m. They are complete and orthogonal when122

integrated over the sphere. The appearance of r in (1)–(3) is illusory because it differ-123

entiates out. The VSH are written in this way to bring out the connection with the 3124

types of solution of Laplace’s equation: the potential field finite at infinity, Y m
n,n+1, the125

one finite at the origin, Y m
n,n−1, and the toroidal one, Y m

n,n, that has an associated ra-126

dial electric current.127

In this paper we deal only with the vertically integrated magnetisation (VIM) and128

assume magnetisation is confined to a surface shell that is thin compared to the radius129

of the planet. We expand the VIM in VSH:130

M̄(θ, φ) =
∑
n,m

[Em
l Y m

n,n+1(θ, φ) + Imn Y m
n,n−1(θ, φ) + Tm

n Y m
n,n(θ, φ)] = E + I + T , (4)

where Em
l , I

m
l , T

m
l are complex coefficients. Orthogonality gives131

Em
n =

1

4π

∮
M̄ · (Y m

n,n+1)∗dΩ (5)

Imn =
1

4π

∮
M̄ · (Y m

n,n−1)∗dΩ (6)

Tm
n =

1

4π

∮
M̄ · (Y m

n,n)∗dΩ, (7)

where ∗ denotes the complex conjugate.132

The associated magnetic fields in the non-magnetic, insulating external and inter-133

nal regions are found by substituting into the usual Poisson integral. This shows that134

the {Y m
n,n−1} produce a potential outside the sphere but none inside it, the {Y m

n,n+1}135

inside the sphere but none outside it, and the {Y m
n,n} no potential field at all because136

the associated radial electric current cannot flow in the insulator. Furthermore, the Y m
n,n−1137

coefficients, {Imn }, are related to the usual Gauss coefficients:138

gmn =
µ0

R♂

√
nεm<(Imn ) (8)

hmn = − µ0

R♂

√
nεm=(Imn ), (9)

where < and = denote the real and imaginary parts. The {Em
n } are related to the co-139

efficients describing a potential field inside the shell:140

rmn =
µ0

R♂

√
(n+ 1)εm<(Em

n ) (10)

smn = − µ0

R♂

√
(n+ 1)εm=(Em

n ), (11)
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where R♂ is Mars’ radius, µ0 is the permeability of free space, and εm = 2 if m = 0141

and 1 otherwise. The {Imn } therefore describe the visible part of the magnetisation, the142

Em
n and Tm

n the invisible part, i.e. the complete null space of the inverse problem of VIM143

from magnetic field data. Full details of the method are in Gubbins et al. (2011).144

Consider a uniform shell magnetised by an internal potential field, such as an ini-145

tially hot Martian crust cooling from top down bathed in the magnetic field of an early146

dynamo. The magnetising field is of internal origin and therefore E . The VIM, whether147

induced or remanent, is a constant multiplied by the field and therefore also E with mag-148

netic anomalies confined within the shell: nothing observable. Similarly, an external mag-149

netising field, such as produced by an upper layer that has already cooled below the Curie150

temperature, will be I and magnetise the deeper layer to give magnetic anomalies out-151

side the shell but not inside. These statements apply whatever the configuration of the152

magnetising field, they are not restricted to a dipole.153

3 A Uniform Shell With Secondary Magnetisation154

3.1 Strong VIM beneath weak magnetic anomalies155

If Mars began with a uniform shell cooling from above and magnetised dynamo-156

generated field B its VIM would be157

M̄ = ΞdB/µ0, (12)

where the constant d is the thickness of the magnetised layer and the magnetising con-158

stant Ξ = Kχ/(1 + χ) can be estimated from the Koenigsberger ratio K and suscep-159

tibility χ. For dipole B the magnetisation is described by coefficients given by: E0
1 =160

−(Ξd/µ0)
√

2g01 and E1
1 = −(Ξd/µ0)(g11− ih11). The strength of VIM is determined by161

a single scalar, the product of the dipole moment and Ξd, which can be adjusted within162

reasonable bounds.163

This basic VIM must be altered if it is to fit the present-day data. To do this we164

add an I component based on the Gauss coefficients of Langlais et al. (2019) using equa-165

tions (8) and (9). The resulting VIM fits the data exactly and contains an arbitrarily166

strong background magnetisation. Although the uniform shell does not produce any ex-167

ternal magnetic field it does change the orientation and strength of the VIM locally. In168

particular it affects the VIM at landing sites and will partly determine the large anoma-169

lies not seen at satellite altitude.170

Three examples of the radial component of VIM are shown in Figure 1 for 3 dipole171

orientations: axial, equatorial and one taken from previous estimates of Mars’ paleopole172

(Milbury & Schubert, 2010). We have chosen K = 1, χ = 0.2, d = 40 km, and G =173 √
g021 + g121 + h121 = 30, 000 nT: reasonable values for magnetic minerals, a commonly174

quoted thickness for Mars’ magnetised crust, and an Earth-like dipole field. These choices175

make the strength of magnetisation of the uniform shell comparable with that required176

to satisfy the magnetic field model. In Table 1 we give the magnetic vectors at the land-177

ing sites of InSight and Zhurong. The differences in magnetic vectors caused by the uni-178

form shell and different dipole orientations is clear.179

3.2 Secondary Magnetism180

Arkani-Hamed (2003) considered cooling of Mars’ crust beyond the duration of dy-181

namo action, giving 2 shells, the upper one magnetised by the dynamo and the lower one182

by the magnetic field of the upper one. Suppose for simplicity the outer shell, thickness183

du, was magnetised by an axial dipole; its VIM is described by the single VSH coefficient184

E0
1 = (Ξdu/µ0)

√
2g01 , which produces a field inside the shell with coefficient185

r01 =
√

2µ0E
0
1/R♂ = 2Ξg01du/R♂.
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Figure 1. Radial components of VIM by different dipoles. a: I “visible” part based on the

satellite field using (8) and (9); b: addition of a uniform shell magnetised by an internal axial

dipole; c: same for an equatorial dipole with paleopole 0◦N,270◦E; d: for a dipole with paleopole

34◦N,202◦E.

The internal shell, now grown by continued cooling to a thickness dl, is magnetised by186

the external field with VIM described by a single VSH coefficient I01 = Ξdl/µ0r
0
1 = 2Ξ2dudl/µ0R♂.187

The secondary magnetisation of the inner shell produces an external field with Gauss188

coefficient189

j01 = µ0I
0
1/R♂ = 2Ξ2(du/R♂)(dl/R♂)g01 . (13)

This external field is a reflection of the primordial dynamo field reduced by the factor190

Ξ2(du/R♂)(dl/R♂). Taking the previous value for g01 , Ξ, and du = dl = 20 km gives191

j01 ≈ 1 nT, the same order of magnitude as the orbital model’s n = 1 terms but much192

smaller than the high degree terms. The similarity in orders of magnitude make secondary193

magnetisation an interesting possible contributor but, in agreement with Arkani-Hamed194

(2005), we find it too small to explain the small-scale anomalies.195

The same analysis applies to a dynamo field of any configuration. In future, if the196

crustal structure can be tied down sufficiently accurately, secondary magnetisation of-197

fers an interesting window on Mars’ original dynamo field.198

4 A Magnetised Shell of Variable Thickness199

We now explore to what extent the magnetic anomalies can be explained by vari-200

able crustal thickness. The hemispheric dichotomy suggests a thin layer in the North-201

ern Hemisphere and a thick layer in the Southern Hemisphere. The resulting magneti-202

sation by any primordial field is a substantial E part resulting from a uniform layer with203

Northern Hemisphere thickness plus an extra Southern Hemisphere layer also dominated204

by E except on the boundary because it is uniform within the hemisphere. The result-205

ing magnetic field is concentrated around the equator irrespective of the primordial mag-206

netising field. More details are in the Supplementary Information, see Figures S1-3.207

We next assume a crust with uniform magnetic properties but variable thickness208

d(θ, φ) derived from topography and gravity using the methods described in Wieczorek209

et al. (2019). Figure 2 shows the initial thickness assuming a uniform crustal density 2.9210

kg/cm3, mantle density 3.4 kg/cm3, imposed 40 km thickness at the InSight landing site,211

–6–
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Lander InSight Zhurong

Mag Dip Az Mag Dip Az

B nT 309.91 -73◦ 135◦ 80.65 47◦ 55◦

M(I) kA 17.2 -57◦ -61◦ 5.78 55◦ -157◦

M(axi) kA 159 -14◦ -177◦ 195 -41◦ 0.03◦

M(equ) kA 241 60◦ -92◦ 289 73◦ -140◦

M(gen) kA 229 51◦ -128◦ 204 51◦ -160◦

Table 1. Magnetic fields and magnetisations at the sites of 2 landers on Mars. Their locations

are: InSight (4.5◦N,135.6◦E), Zhurong (25.1◦N,109.9◦E). B denotes the magnetic field computed

from the satellite model of Langlais et al. (2019). M(I) the vector VIM in Amps computed by

converting the Gauss coefficients of the orbital model to Imn using equations (8) and (9). The

last 3 lines are VIMs after addition of a uniform shell magnetised by a dipolar dynamo field with

axial, equatorial, and general paleopoles as described in the text. Note the dominance of the

magnetisation of the uniform shell, an order of magnitude larger than the I part. This is because

of the dominance of the E part from magnetisation by an internal field. The same applies to the

Earth (Masterton et al., 2012).

and maximum spherical harmonic degree 90. The VIM is, from (12), M̄(θ, φ) = [Ξd(θ, φ)/µ0]B(θ, φ)212

with magnetic parameters modified to fit the average magnitude of the orbital model:213

K = 3 and χ = 0.5, and G = −30, 000 nT.. We use the same 3 primordial paleopoles
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Figure 2. Crustal thickness for Mars based on inversion of topography and gravity data

(Wieczorek et al., 2019).

214

as before.215

Each VIM is decomposed into VSH as illustrated in Figure 3. Only the radial com-216

ponent is shown, for which the toroidal component is zero. Note that the E part on the217

left reflects the dipole orientation and some of the variations in crustal thickness, most218

noticeably the Hellas basin; it is some 10 times larger than I: the relative sizes (RMS)219

of the total VIMs are E : T : I = 81:9:10. E dominates because the crustal thickness220

is, to a first approximation, a uniform shell and it is magnetised by an internal field. The221
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I part is mainly determined by variations in crustal thickness rather than dipole orien-222

tation.
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Figure 3. VSH decomposition of the radial component of VIM for 3 paleopoles. Columns

are E (left) and I (right); rows are for axial, equatorial (0◦N,270◦E), and general (34◦N,202◦E)

paleopoles. Radial component for T is zero.

223

Radial magnetic fields are shown in Figure 4. Like the I part, the field patterns224

are relatively insensitive to dipole orientation. The wavelengths are similar to the orbital225

model but there are large discrepancies, most noticeably the anomalies over major im-226

pact craters Hellas, Isidis, and Argyre. The crustal models all produce crater anomalies227

that are wholly absent from the orbital model. Hellas has the largest anomaly; it lies in228

a region of thick (>60 km) crust and has a sharp step around its edge that produces the229

more intense ring on the boundary (Figures 4, 5). Isidis lies in a region of thinner crust230

and the anomaly is not so prominent (Figure S5). Magnetic anomalies are more subdued231

or absent along more gradual gradients in crustal thickness such as the dichotomy bound-232

ary and the margins of Utopia Planitia. This suggests the sharp jumps in VIM near the233

periphery of the boundaries are responsible for at least part of the anomalies. Absence234

of crater anomalies has been addressed by Lillis et al. (2010), who favour impact demag-235

netisation. Their models invoked a magnetic layer with uniform thickness but spatially236

varying magnetic properties that give rise to sizeable magnetic anomalies. By completely237

removing magnetisation within an inner circle, and allowing the magnetisation to ramp238

up within an annulus around this circle, they reduced the predicted anomalies. We change239

the thickness of the magnetised layer in a similar way, which should have the same ef-240

fect on the VIM as changing the magnetisation. Our models differ in that they do not241

consider any spatial variations in crustal magnetic properties.242
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Figure 4. Radial component of the magnetic field at Mars surface. a: orbital model b:

from VIM proportional to crustal thickness, magnetising field axial dipole ; c: equatorial dipole

(0◦N,270◦E); d: general paleopole (34◦N,202◦E).

We removed the sharp step in VIM around Hellas by replacing the original thick-243

ness values in an annular region with radii 500 km and 2000 km, centered on the mid-244

dle of the crater, with values derived by minimum curvature interpolation of the thick-245

ness outside the annulus as shown in Figure 5e. The magnetic anomaly is reduced (Fig-246

ure 5c) but still substantial. We then returned to our central thesis, that a uniform VIM247

produces no magnetic anomaly, and interpolated across the entire crater, essentially fill-248

ing it in. This does remove the magnetic anomaly (Figure 5d), but is hard to justify phys-249

ically. One possible explanation is that the magnetic layer lies deep within the crust and250

any removal of shallow, non-magnetic material makes no difference. The problem is dis-251

cussed further in Section 5. Results for the other 2 craters, Isidis and Argyre, are shown252

in Figures S6, S7.253

VSH decomposition of the VIM for each of the 3 crustal thickness models shows254

that the E component is reduced at the expense of I and T by interpolation but is in-255

creased by filling in. The RMS ratios E :I:T are 81:10:9, 81:10:9 and 85:7:8 respectively.256

This is to be expected as interpolation removes a small part of the shell whose magnetism257

is dominated by the E part (but not enough to change the ratios at this resolution) while258

filling in adds material that is dominated by the E part. Similar results and conclusions259

apply to the other craters, Isidis and Argyre: see the Supplementary Information Fig-260

ures S6, S7.261

5 Discussion and Conclusions262

We have explored the use of VSH decomposition in evaluating possible magneti-263

sation structures that could produce the observed Martian magnetic field. The ground264

measurement by InSight proves the existence of strong anomalies with wavelengths too265

short to be seen at satellite altitude. This requires strongly magnetised material at a rel-266

atively flat site that would not normally be thought as highly magnetic. Johnson et al.267

(2020) use Parker’s ideal body theory to estimate a lower bound on the magnetisation.268

They assume 40 km-thick magnetised layers starting at depths from 200 m down to 10 km269

and require magnetisations of 1.4–24 Am−1 or VIM 0.56−9.60×105 A, similar to the270

RMS of our I part of 2.3×105 A. This is below the value required to explain the strong271
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Southern Hemisphere anomalies (Johnson et al., 2020). It is a lower bound so the true272

VIM must be larger. It also contains only the I part of the VIM and there is no reason273

to believe the other invisible parts would be smaller: in fact there is every reason to sup-274

pose it is dominated by the E part, as is the case on Earth (Masterton et al., 2012). If,275

as explored here, Mars’ crust was magnetised globally by early cooling in a dynamo field,276

we expect the VIM to be 5–10 times bigger than this bound or our average estimate of277

the I part.278

Arkani-Hamed’s inner shell of secondary magnetisation is interesting because, un-279

like the primary magnetisation, it is capable of producing an observable magnetic field.280

The VSH decomposition provides an exceptionally simple demonstration of this. While281

we have little new to report beyond that already published, VSH gives an elegant and282

simple formalism for exploring the primordial magnetising field.283

A uniform magnetic layer magnetised by any dynamo field produces no magnetic284

anomalies: a spatially dependent VIM is needed. The obvious simple choice to explain285

the dichotomy, strong VIM in the Southern Hemisphere and weak in the Northern Hemi-286

sphere, produces anomalies around the equator rather than the required hemispheric dif-287

ference. This applies for dipoles of most orientations and, because of the large uniform288

areas, is likely to apply for more complicated dynamo fields like hemispheric ones. We289

have shown how easy it is to produce a variety of magnetisations that fit the data ex-290

actly but this tells us nothing unless we can produce structures that are geologically plau-291

sible.292

As a first step towards this goal we examined a magnetic layer that was uniformly293

magnetised but with variable thickness equal to the estimated crustal thickness from grav-294

ity and topography. This still produces a large E part for any dynamo field, dominat-295

ing the I part that generates the anomalies. We had hoped this model might provide296

a starting point for further improvements to fit the data, but there are glaring dispar-297

ities around the major impact craters, notably Hellas but also Isidis and Argyre. This298

casts doubt on the ideas that absence of magnetic anomalies around the craters is di-299

agnostic of the absence of dynamo action when they were formed and removal of mag-300

netised material by cratering.301

In a new study Gong and Wieczorek (2021) have found the magnetisation in the302

southern highlands to be deeper than in the northern lowlands, which also means it is303

deeper at the sites of all 3 impact craters. If the upper 20 km of crust is unmagnetised304

around the craters then excavation or impact demagnetisation will have no effect and305

no magnetic anomaly will be produced. This seems to us the most likely explanation for306

the absence of any magnetic anomalies at these sites. Further work is needed on other307

craters to explore this idea.308

Our long term goal is to develop a geologically plausible model for the magnetised309

layer at Mars’ surface, focussed on specfic anomalies. Our aim will be helped by future310

ground measurements from the Chinese rover Zhurong.311
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Figure 5. Close-up of the Hellas anomaly illustrating radial component of the magnetic field.

a: orbital model (Langlais et al., 2019); b: original crustal thickness model; c: model with steep

crater shoulders from (b) replaced with minimum curvature interpolation; d: crater removed

altogether. e: North-South profile extracted along Longitude 70◦E showing the crustal thickness

profiles for the model cases shown in b (red), c (black) and d (blue) respectively.
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Figures S1–S3 give the VSH decomposition of the radial component of VIM. S1 is the E

part, which reflects the magnetising dipole. These structures are invisible: they produce

no external potential field but do produce a potential field internal to the shell that would

contribute to the magnetisation of deeper shells. Its contribution would be much weaker

than that of the dynamo-generated field and can be ignored, but after dynamo action

ceased it would provide secondary magnetisation of the deeper layers.

S2 shows the I part. It is quite different from the E part and is mainly concentrated

about the equator. This is the part that produces an external potential field that can

be observed. Note the labelling on the colour bars, it is almost an order of magnitude

smaller than the corresponding E part.
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S3 shows the T part, which has no radial component.

S4 is the sum of E and T parts. This is the entire invisible part of the VIM. In a damped

inversion of VIM from magnetic data this would represent the annihilator or null space.

S5 is for the magnetic field. The important point to note is its concentration on the

equator for all orientations of the magnetising dipole. It shows that demagnetising the

Northern Hemisphere, or in this case removing the magnetic layer, does not produce the

observed dichotomy in magnetic field, instead it produces an equatorial ring.

S6 follows the format of Figure 5 in the paper for the Hellas basin, but for the Isidis

crater. The crustal thickness model produces an anomaly that is weaker than the one at

Hellas because the surrounding crust is thinner there and the crater edges do not seem to

be as steep, but the anomaly is not removed by minimum curvature interpolation. The

rings are an artefact of the interpolation.

S7 is for the Argyre crater and the same comments apply as to the other 2.

S8 shows the Lowes spectra for the observed field and the original crustal thickness

model. The crustal thickness grid has more energy at short and long wavelengths but the

spectra are broadly similar, indicating the anomalies observed at satellite altitude could

arise from variations in crustal thickness.

Table ST1 gives RMS amplitudes
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: X - 3

Original A B
E kA 1970 1950 (-1.02%) 2040 (-3.55%)
I kA 231 235 (+1.73%) 166 (-28.14%)
T kA 218 221 (+1.38%) 199 (-8.26%)
E : I : T 81:10:9 81:10:9 85:7:8

Table S1. RMS of EIT components derived by the crustal thicknesses shown in Figure 5.

Original: From inversion of topography and gravity data shown in Figure 2; A: layer thickness

within the crater region replace with minimum curvature interpolation, (c) in Figure 5; B: crater

filled in, (d) in Figure 5). The percentage of change has been shown in the Brackets.
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Figure S1. The E part of the VIM for different magnetising dipoles and a crust with thickness

0 in the Northern Hemisphere and 40 km in the Southern Hemisphere. a-d is for an internal axial

dipole, a: M , b: Mr, c: Mθ, d: Mφ; e-h is for an equatorial dipole, pole at 0◦N,270◦E, e: M , f:

Mr, g: Mθ, h: Mφ; i-l is for a dipole with paleopole 34◦N,202◦E, i: M , j: Mr, k: Mθ, l: Mφ.
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Figure S2. As Figure S1 for the I part.
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Figure S3. As Figure S1(e-l) for the T part. T part for axial dipole are zero and therefore

not shown.
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Figure S4. As Figure S1 for the sum E + T . This combination is the entire ”invisible” part

of the VIM.
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Figure S5. As Figure S1 for the magnetic field.
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Figure S6. Close-up of the Isidis anomaly illustrating radial component of the magnetic field.

a: the satellite model; b: original crustal thickness model; c: model with smoothed crater edges;

d: crater filled in.
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Figure S7. As Figure S6 for the Argyre anomaly.
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Figure S8. Lowes spectra of the satellite model(blue) and original crustal thickness

model(black).
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