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Asymmetric magnetic anomalies over young impact craters on Mercury
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Key Points:
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x

Stieglitz and Rustaveli are two young impact craters on Mercury associated with
overlapping crustal magnetic anomalies.

17
18

x

The magnetic anomalies are asymmetrical with respect to each crater’s center and
correlate well with the location of impact melt.

19
20

x

The impact melt located downrange contains impactor magnetic-carriers that recorded the
magnetic field of Mercury at the time of quenching.
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Mercury’s crustal magnetic field map includes anomalies that are related to impact craters.
Mercury’s surface has a low iron abundance, but it is likely that some impactors brought
magnetic carriers able to register the planet’s magnetic field that was present during impact.
Anomalies associated with the relatively young Rustaveli and Stieglitz craters are asymmetric
with respect to the crater center. We analyze the location of the magnetic anomalies and the
impact crater morphologies to understand whether there is any correlation. We investigate the
geological framework of these two craters to constrain the overall impact dynamics. In both
cases, magnetic anomalies correlate well with the location of impact melt and the inferred impact
direction. Both impact angles were probably 40–45°, with preferential distribution of the melt
downrange. Inversion dipoles suggest that the impact melt located downrange encompasses some
magnetized material, which is hence likely responsible for the detected magnetic anomalies.
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Plain Language Summary

34
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We observe strong crustal magnetic field imprints near two recent craters on Mercury. We know
that the crust of rocky planets may include magnetic elements like iron that can record the local
magnetic field under certain circumstances. However, Mercury’s crust is known to be
remarkably poor in iron. In this study we want to find out whether these observed magnetic
imprints near craters happened by chance or if it can be explained by the impactors bringing iron
to Mercury’s surface. We make a joint-study of two different scientific areas: geology and
geophysics. Via the geological study, we found an uneven distribution of ‘impact melt’, which is
material flung out of the crater in molten form during the impact that made the crater. Via the
geophysical study, we found evidence that magnetized material correlates with the position of
those pools that are found in the downrange direction of the impact. In conclusion, this study
supports the hypothesis that iron was brought on Mercury by the impactors.

45

1 Introduction

46

The low-altitude campaign (< 120 km) of the NASA MErcury Surface, Space

47

ENvironment, GEochemistry, and Ranging (MESSENGER) mission was fundamental for

48

detecting magnetic field signatures of crustal origin on Mercury (Johnson et al., 2015). However,

49

constraints on the orbit imposed by Mercury's hostile environment allowed these measurements

50

only in a short latitudinal range, between 35°N and 75°N. Maps of the crustal magnetic field at

51

40 km altitude (Hood, 2016; Hood et al., 2018) show that most of the surface is scarcely

52

magnetized, but with some magnetic anomalies heterogeneously distributed over the surface of

53

the planet. These anomalies do not seem to be related to any specific geological features, except

54

for a few cases where the anomalies are found to be related to basins or craters (Hood et al.,

55

2018, Oliveira et al., 2019a). For example, the strongest signal of the Hermean crustal magnetic

56

field is detected over the Caloris basin, and has an intensity of about 9.5 nT at 40 km altitude
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(Hood, 2016), which is comparable to, or somewhat larger than the strongest lunar crustal

58

anomaly intensities (e.g., Richmond and Hood, 2008).

59

The composition of the magnetic anomalies sources are poorly understood, particularly

60

given that spectroscopic observations have revealed that Mercury's surface is poor in iron

61

(Izenberg et al., 2015; Weider et al., 2014), which would be the best magnetic carrier to record

62

magnetic fields. Understanding their origin is important, because a thermoremanently

63

magnetized body probably holds information about the past core field, which allows

64

understanding of the dynamo evolution, and consequently Mercury’s history.

65

For the Moon, Wieczorek et al. (2012) proposed that impactors could deliver magnetic

66

carriers to the surface, and that in the presence of a core magnetic field this material would

67

become magnetized. This hypothesis was recently suggested for Mercury as well (Hood et al.,

68

2018). This process would result in some craters that are related to anomalies and others that are

69

not, depending on the impactor composition. The eventual distribution of the impactor material

70

depends on several variables: velocity, angle and composition of the impactor, and composition

71

of the surface (Wieczorek et al., 2012). Most of Mercury’s original crust has been volcanically

72

resurfaced (e.g., Thomas and Rothery, 2019). Most iron-enriched impact melt and ejecta from

73

basins such as Caloris are likely to lie beneath these flows, rather than at the surface. General

74

correlative studies of magnetic field intensity versus surface composition and geology may

75

therefore not be successful in positively identifying magnetic anomaly source materials.

76

Here we test the impactor delivery hypothesis by investigating some anomalies that are

77

related, but asymmetrical, with respect to young craters. Inferring the craters impact geometries

78

from geological indicators will help understanding whether the off-centered anomalies are

79

related to the impactor-delivered materials or not.

80

1.1 Geological Context

81

The area between 35°N and 75°N, where crustal magnetic field signatures could be

82

detected, is largely covered by a series of four quadrangle geological maps at 1:3M-scale

83

(Galluzzi et al., 2016; Guzzetta et al., 2017; Mancinelli et al., 2016; Wright et al., 2019) that

84

Hood et al. (2018) used to locate regions of interest where magnetic anomalies overlap

85

geological features. The strongest magnetic anomalies are found over the Caloris impact region,

86

both inside Caloris Planitia and over the circum-Caloris smooth plains. The area 90–270°E is
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largely biased by Caloris-based anomalies, but the opposite longitudes offer the chance to locate

88

some magnetic anomalies that are correlated with isolated features far from this large basin (Fig.

89

1). The most significant ones are located at Vyasa crater (275°E; 50°N), the B31 basin (3°E;

90

36°N; Orgel et al., 2020), the Northern Rise (30°E; 68°N; Zuber et al., 2012), Rustaveli crater

91

(82°E; 52°N), and Stieglitz crater (67°E; 73°N) (Hood et al., 2018; Fig. 1). Vyasa and the B31

92

basin are very old impact sites, degraded and overlapped by other craters, hence the magnetic

93

anomalies’ origins are difficult to interpret. On the other hand, the latter three sites are all located

94

within the young Borealis Planitia characterized by smooth plains, the youngest extensive plains

95

unit on Mercury. These are widespread effusive volcanic plains thought to be as old as 3.7 Ga

96

(Ostrach et al., 2016) and not younger than 3.5 Ga (Byrne et al., 2016). There is no clear

97

evidence on Mercury that effusive volcanism alone brought magnetic carriers to the upper crust.

98

In fact, Borealis Planitia does not show widespread magnetic anomalies (Hood et al., 2018).

99

Stieglitz and Rustaveli craters, located within Borealis Planitia and away from the

100

localized Northern Rise magnetic anomaly, represent an interesting case study for understanding

101

whether some impactors played a role as suppliers of magnetic carriers to Mercury’s crust.

102

Differently from all other features corresponding to the magnetic anomalies listed above, these

103

two young and fresh craters, which still maintain fresh morphologies and are younger than

104

nearby volcanic plains, offer the chance to study their impact dynamics and to relate these to the

105

relative location of their off-center magnetic anomalies. These are the only two craters that

106

permit such a study within the available crustal magnetic field map.
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Figure 1. Magnetic field intensity at 40 km altitude (resolution of 1 degree, Hood et al., 2018)
superposed on a MLA shaded relief basemap in stereographic north pole projection (from 35°N
to 90°N). Major anomalies cited in the text are labelled with letters and the associated feature
extent is indicated by outlines. Caloris Planitia (CP), Rustaveli crater (R) and Stieglitz crater (S)
are shown with solid white outlines. The ancient basins Vyasa (VY) and B31 basin (B31) are
indicated by dashed outlines. The approximate extent of the Northern Rise (NR) is shown with a
white dotted outline.

115

2 Geological Results

116

We used the MESSENGER Mercury Dual Imaging System (MDIS; Hawkins et al., 2007)

117

basemap datasets and other derived products to map the geomorphology of Stieglitz and

118

Rustaveli craters. For complete information on the datasets and methods used for this analysis

119

see the supporting information (Text S1).
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2.1

Stieglitz crater

121

Stieglitz crater is a mature-complex crater (see morphologic crater classification of Baker

122

et al., 2011, for details) located in Borealis Planitia, just outside the north-eastern limit of the

123

Northern Rise (67.63°E; 72.53°N). Stieglitz has a roughly circular outline with a slight tendency

124

toward polygonality and has a U-shaped central peak with bilateral symmetry (Fig. 2a). It is the

125

youngest crater of its size in its surrounding area (Fig. 2a) and belongs to degradation class c4 in

126

the 5-class system by Kinczyk et al. (2020) and would be classified as a C3 in the 3-class system

127

used by Galluzzi et al. (2016) (note our convention of using ‘c’ for the 5-class system and ‘C’ for

128

the 3-class system, where both systems use higher numbers to indicate less degradation). This

129

and its stratigraphic position suggest a Mansurian age (e.g., Wright et al., 2019). Its diameter is

130

~95 km but increases up to ~105 km in the NW–SE direction apparently mostly because of

131

crater-wall collapses associated with terrace formation. The Mercury Laser Altimeter (MLA;

132

Cavanaugh et al., 2007) north polar Digital Terrain Model (DTM) reveals that the rim is slightly

133

higher in the arc tracing the SW rim than on the opposite side (Fig. 2b).

134

Overall, a broad degree of radial symmetry can be observed in the continuous ejecta

135

blanket that extends up to ~one crater radius from most of the rim crest, but slightly farther in the

136

SW (Fig. 2c). The crater central peak is at the center of the floor and its U-shape opens towards

137

the SW. A few isolated central peak outliers are located to the NE of the main peak (Fig. 2c).

138

The continuous ejecta includes smooth patches of the kind generally interpreted as melt pools

139

(e.g., Chapman et al., 2018; Wright et al., 2019), which is supported by analogy with lunar

140

examples (e.g., Hawke and Head, 1977). At Stieglitz, these are a few kilometers across and

141

mostly clustered on the northern part of the blanket close outside the crater rim. Some less

142

extensive pools are found WSW of the crater rim (Fig. 2c).

143

A more pronounced asymmetry is observed by analyzing the secondary crater chains

144

directly associated with the Stieglitz impact (Fig. 2c,d). These extend further in the NW–SE and

145

NE–SW directions, while there is a discernable deficiency of chains at the NNE of the crater,

146

overall showing an axial symmetry in the NNE–SSW direction.
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Figure 2. Stieglitz crater in stereographic projection centered on the crater center (67.63°E;
72.53°N): a) Relative age of Stieglitz and the surrounding craters from the oldest (1) to the
youngest (5) on the HIE basemap at 166 m/pixel; b) MLA north-polar DTM; c) Simplified
geological map showing the trend of certain and uncertain secondary crater chains related to the
Stieglitz impact; d) Rose diagram analysis of crater chains showing the start and end azimuth of
chains indicated by the blue and grey bins, respectively.

154

2.2

Rustaveli basin

155

Rustaveli (82.74°E; 52.41°N, Fig. 3a) is a peak-ring basin superposing the smooth plains

156

of Borealis Planitia in the northeast of Mercury’s Hokusai quadrangle. Wright et al. (2019)

157

mapped Rustaveli as degradation class c4 in the 5-class system and C3 in the 3-class system.

158

This and its stratigraphic position suggest a Mansurian age (e.g., Wright et al., 2019), as for

159

Stieglitz crater. The crater rim is symmetrical, but slightly higher in its southeastern arc (Fig. 3b),

160

and also somewhat polygonal. A radially textured ejecta blanket (mapped in the same way as for

161

Stieglitz) extends about one crater diameter from the rim at all azimuths (Fig. 3c). Numerous

162

patches of smooth plains are perched in the ejecta proximal to Rustaveli’s southeastern rim (Fig.
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3c). These smooth patches are probably ponded impact melt that was ejected from the crater

164

cavity during excavation (Wright et al., 2019). Much more extensive smooth plains extend across

165

the whole of Rustaveli’s interior, and those materials are sufficiently thick that only the tops of

166

the basin’s peak-ring elements are apparent. The volume necessary to achieve this suggests that

167

at least some of the smooth material within Rustaveli was emplaced by post-impact volcanism,

168

overlying any melt produced by the impact. The exposed peak-ring appears somewhat elliptical,

169

with its long-axis oriented east–west (Wright et al., 2016). Our map of secondary crater chains

170

shows a deficiency of chains between W and NW (Fig. 3c,d). Figure 3c also shows a slight

171

deficiency of chains in the southern part, in the region of a pre-existing 50 km diameter crater.

172

We have no explanation of how a pre-existing craters could affect secondary impacts (or

173

secondary crater retention) over such a wide area, so this may be no more than random variation.

174

Because chains are not all exactly radial this local deficiency is not so apparent in Figure 3d,

175

which records direction rather than location.
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Figure 3. Rustaveli crater in stereographic projection centered on the crater center (82.74°E;
52.41°N): a) BDR basemap at 166 m/pixel; b) DLR stereo-DTM (west of 90°E) and MLA DTM
(east of 90°E); c) Simplified geological map (modified from Wright et al., 2019) showing the
trend of certain and uncertain secondary crater chains related to the Rustaveli impact; d) Rose
diagram analysis of crater chains showing the start and end azimuth of chains indicated by the
blue and grey bins, respectively.

183

3 Observable asymmetries and impact dynamics

184

3.1 Stieglitz crater impact analysis

185

We consider two possible impact scenarios for Stieglitz fully described in the supporting

186
187

information (Text S2).
The first one considers the crater’s subtle asymmetries as: a) the deficiency of chains

188

radiating towards the NNE (Fig. 2d); b) the NNE-SSW orientation of the symmetry axis of the

189

U-shaped peak (Fig. 2a); c) the highest observable rim topography at S (Fig. 2b); d) the

190

orientation of the symmetry axis of the continuous ejecta blanket in the NNE-SSW direction
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(Fig. 2c). Instead, the second scenario considers: a) a wider rim arc toward the N (Fig. 2b); b) the

192

location of most melt pools to the N (Fig. 2c); the location of the deepest secondary crater chain

193

to the N (Fig. S1a, cf. Fig. 2b); the central peak outliers just north of the central peak (Fig. 2c).

194

By comparison with previous studies and simulations on oblique impacts (Gault and

195

Wedekind, 1978; Schultz, 1992; Pierazzo and Melosh, 2000; Ekholm and Melosh, 2001;

196

Elbeshausen et al., 2009; Kenkmann et al., 2014; Neish et al., 2014) the first scenario results in a

197

probable impactor trajectory from NNE to SSW and impact angle range of 40–50° (Fig. S1a,

198

case 1), while the second one results in a probable impactor trajectory from S to N and impact

199

angle range of 40°–45° (Fig. S1a, case 2). The latter scenario is better constrained than the first

200

one since it takes into account the pre-existing topography (Text S2).

201

3.2 Rustaveli basin impact analysis

202

Impact azimuth is less well-constrained for Rustaveli because of its overall

203

morphological symmetry. The peak-ring is too obscured by smooth plains to assess if there is a

204

downrange gap that might indicate impactor azimuth. The crater rim is approximately circular

205

and the rim is higher in the north and east than it is in the southwest, which could imply an

206

impact direction towards the northeast (see Gault and Wedekind, 1978). However, Rustaveli

207

appears to have formed on originally uneven topography (elevated in the southwest and low in

208

the northeast), which could have influenced the evolution of the rim height. Rustaveli’s impact

209

ejecta is not obviously asymmetrically distributed, which requires the impact angle to be > 40°

210

above the horizontal, as with Stieglitz. The mapped peak-ring elements appear to form a ring

211

elongated the east-southeast, but no other works have suggested that an elliptical peak-ring is

212

indicative of the impactor azimuth, unless we consider this ellipticity to be due to sense of

213

transport (see Elbeshausen et al., 2009). The strongest asymmetry is the concentration of impact

214

melt in the same direction, just beyond the crater rim. This evidence likely reflects deposition

215

downrange and suggests an impactor travelling from the west-northwest towards the east-

216

southeast with an impact angle of 40–45° (Fig. S1b).

217

4 Correlation with magnetic anomalies

218

To analyze the correlation with magnetic anomalies, we superimpose the Hood et al.

219

(2018) crustal magnetic anomalies dataset onto the maps in figures 2c and 3c. We also use the

220

method of Parker (1991; hereafter called Parker’s method), a unidirectional magnetization
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direction technique that can locate the magnetized material under certain limits (Oliveira et al.,

222

2017). In practice, the strongest dipoles locate the magnetized material and, therefore, the

223

magnetic carriers. If these magnetic carriers are related to the impactor, then some constraints

224

can be made. We also account for acceptable offsets between the strongest dipoles and the

225

geological features possibly due to the gap between the resolution of the basemap (166 m/pixel)

226

and that of the crustal magnetic field map (1 degree at 40 km altitude, i.e. 30 km).

227

Overall, the most probable impact angle for all planetary bodies is 45° (Gilbert, 1893;

228

Shoemaker, 1962). In the scenarios above, the two analyzed craters are not far from this standard

229

case. Although this impact angle usually produces a general morphological symmetry, if the

230

impactor were constituted (in whole or in part) by magnetic carriers, observable magnetic

231

asymmetries caused by the heterogeneous distribution of the impactor’s melt would still be large,

232

as shown in Wieczorek et al. (2012) for the lunar case.

233

For Stieglitz, the surface with field intensities larger than 3 nT includes most of the ejecta

234

melt locations. The cluster of impact melt ponds to the north of the crater lies on or near the ~5

235

nT magnetic field strength contour, and the largest strength of ~7 nT nearly corresponds to the

236

deepest secondary chain (Fig. 4a). Although this chain feature is too small and shadowed to

237

reveal whether it hosts ponded melt at the available image resolution and illumination conditions,

238

it is possible that some melt is present within it. This strong magnetic anomaly is fully

239

compatible with the second scenario (see Fig. S1, case 2).

240

The strongest dipoles given by inversions using Parker’s method are distributed in one

241

single cluster toward the north outside the crater rim, next to the crater’s deepest secondary

242

chain, adding weight to the hypothesis that this area encompasses magnetic material (Fig. 4b).

243

Other weaker dipoles around the same cluster overlap the northern melt pools suggesting that

244

these could encompass part of the magnetic material also. No dipoles are observable on the melt

245

pools to the west of the crater meaning that either no magnetic carriers are present in this area, or

246

that the volume of melt is much smaller. This supports the northward impact direction scenario,

247

if magnetic carriers from the impactor became mixed with the downrange impact melt only.

248

Rustaveli is associated with a ~5 nT crustal magnetic anomaly in the 40 km altitude map.

249

In contrast to the case of Stieglitz, this anomaly is centered close the crater’s midpoint, slightly

250

offset ~20 km east-southeast (Fig. 4c). This offset is somewhat consistent with the downrange
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251

direction implied by Rustaveli’s impact melt and secondary crater chain distribution. However,

252

the strongest part of the magnetic anomaly is located within the crater, away from the visible

253

impact melt deposits beyond the crater rim. If the magnetic anomaly is caused by the impact

254

melt, then it is plausible that the magnetic anomaly is centered within Rustaveli because most of

255

its impact melt was retained within the crater, potentially under a covering of post-impact

256

volcanic smooth plains. This is consistent with the impact being only slightly oblique. Moreover,

257

we have to allow for the Rustaveli impact to have been much more powerful than Stieglitz’s,

258

since it has formed a larger basin. This implies a greater volume of impact melt both inside and

259

outside Rustaveli crater.

260

Observing the distribution of dipoles given by Parker’s method, we note that the strongest

261

dipoles are located inside the impact crater rim to the south of the crater’s center (Fig. 4d), which

262

is where the magnetic anomaly has its strongest intensity also. We also note that several weaker

263

dipoles are located over the perched impact melt ponds. This is consistent with the inferred

264

downrange direction and with the hypothesis that the strongest magnetic carriers were emplaced

265

within the crater. The lack of strong magnetic fields and dipoles over the ejecta melt pools

266

southeast of the crater indicates that either the impact melt was not so enriched in magnetic

267

carriers as the impact melt within the crater, or the volume of melt is much smaller.
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Figure 4. Magnetic anomalies on the analyzed craters. Left and right images use the same
projection but with different extents, coordinates are given for comparison: a) Magnetic field
intensity with 1 nT contours (Hood et al., 2018) on the geological map of Stieglitz. The red
polygon indicates the location of Stieglitz’s deepest secondary-crater chain; b) Inversion dipoles
location and intensity on MLA shaded relief for Stieglitz; c) Magnetic field intensity with 1 nT
contours (Hood et al., 2018) on the geological map of Rustaveli; d) Inversion dipoles location
and intensity on MLA shaded relief for Rustaveli.

276

5 Summary and Conclusions

277

Stieglitz and Rustaveli are two fresh impact craters, younger than the surrounding plains,

278

which still maintain a well-preserved ejecta blanket and visible secondary crater chains. They are

279

characterized by asymmetrical magnetic anomalies possibly correlated with their impact

280

dynamics. Both craters are morphologically symmetrical and impact angles were likely 40–45°.

281

Stieglitz has likely a north downrange direction and Rustaveli a southeast downrange direction.

282

The only clear asymmetry is represented by the locations of impact melt ponds beyond each

283

crater’s rim. Photo-interpretative methods support the hypothesis that magnetic carriers were
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284

brought by the impacts. Geological impact analysis shows that the asymmetric magnetic

285

anomalies reported in Hood et al. (2018) correlate well with the locations of the impact melt

286

ponds and the downrange direction. Magnetic field investigation suggests where the magnetized

287

material is supporting the inferred impact direction and the hypothesis that melt is located in the

288

downrange direction. The melt likely recorded, upon quenching, the ambient magnetic field of

289

Mercury at the time of each impact, and it is evidence for an ancient thermo-remanent

290

magnetization. Small signals of some of the mapped pools might not be detectable in

291

MESSENGER data, because they might be too weak or comparable to external magnetic signals

292

at the spacecraft altitude. Further analysis of the impact melt could be done by inferring impact

293

melt volumes that would permit us to convert the magnetic dipoles into an estimate of

294

magnetization (e.g., Hood et al., 2018, Oliveira et al., 2017). However, the available

295

morphological data do not permit us to infer the thickness of the melt pools.

296

This study represents progress, but our sample is not statistically significant given the

297

large number of craters on Mercury’s surface. The number of craters that are related to magnetic

298

anomalies is limited, for which there are two likely explanations. Firstly, because there is no map

299

of the crustal magnetism covering the entire surface of Mercury, given the MESSENGER

300

altitude constraints. Secondly, the magnetic signals might be too weak compared with external

301

magnetic signals over some craters at spacecraft altitudes. This study needs to be further

302

developed using the ESA/JAXA Bepicolombo mission (Benkhoff et al., 2010) datasets. Firstly,

303

BepiColombo will obtain better data for studying Mercury’s surface (Rothery et al., 2020) and it

304

will be possible to distinguish smaller pool areas by means of higher resolution imagery

305

(Cremonese et al., 2020). Secondly, it can also help by extending the latitude range over which

306

the crustal magnetic field can be mapped, and by adding other craters/basins to the list of craters

307

related to magnetic anomalies that will complement this study.
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