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Mars’ magnetic field has been measured at large scale by orbiting spacecraft
and at very small scale via Martian meteorites. Here we report onaground
magnetic survey on metre to kilometre scales. The Zhurong rover made
vector measurements at 16 sites along a1,089 mtrack in the Utopia Basin

on Mars. It recorded an extremely weak magnetic field, with an order of

the average intensity less than that inferred from orbit, in contrast to the
large magnetic field in Elysium Planitia measured by InSight. A spacecraft
measurement samples an areawith radius comparable toits altitude,

while a ground measurement samples an area with radius comparable
tothe depth of the magnetized body. The weak magnetic field measured

by Zhurongindicates no magnetization anomalies for a depth of many
kilometres around and below the rover’s traverse. We suggest two possible
explanations for the weak magnetic field: the entire Utopia Basin may have
remained unmagnetized since its formation about 4 billion years ago or that
the 5-km-radius ghost crater where Zhurong landed may have been been
demagnetized by impact.

Measurements of crustal magnetic fields of terrestrial planets provide
crucial insights into their core dynamo history and interior thermal
evolution. Unlike Earth, Mars is found to have no global magnetic
field today, but heterogeneous and locally strong crustal magneti-
zation, indicating the existence of an ancient dynamo'. Magnetic
surveys probe crustal magnetism on length scales comparable to

the distance, or altitude, from the source”. The Mars Global Surveyor
spacecraft mapped Mars’ magnetic field globally at 185 km (magni-
tude only)® and 400 km (vector field), though locally as low as 90 km
(ref.4) showing magnetic fieldsup to 1,500 nT. The Mars Atmosphere
and Volatile EvolutioN (MAVEN) spacecraft extended global vector
magnetic field mapping down to 150 km (refs. 5,6). At the other end
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Fig. 1| Maps of Mars near the landing site in Mercator projection. a, Mars
Orbiter Laser Altimeter topography*’. The rover landed in the southern Utopia
Basin (marked) at 25.066° N, 109.926° E, northwest of the InSight landing

site. b, The modelled total magnetic field strength at an altitude of 200 km
(ref.14). ¢, The corresponding geologic map*® whose key for the colours and

geologic units is provided as Supplementary text. Note that resurfacing events
inlocalized areas, such as around the Zhurong landing site, were not indicated
in this standard geologic map. Major impact basin boundaries of Isidis (Is)

and Utopia are shown with solid black (topography***°) and dashed black
(demagnetization®) lines.

of the spectrum, palaeomagnetic analyses of samples from a Martian
meteorite (ALH84001) revealed evidence of the ancient magnetic field
atverysmalllength scales (-1 mm), supporting the operationof an early
Martian dynamo before 4.1 Ga or possibly 3.9 Ga (ref. 7). However, the
origin of Martian crustal magnetization and the history and attributes
of the ancient dynamo remain topics of active interest. Many of the
outstanding key questions require new high-resolution regional data
sets such as local magnetic field measurements®. The NASA InSight
fluxgate magnetometer (IFG) measured the ground-level magnetic
field atasingle landing site’. The surface magnetic intensity (2,000 nT)
measured by IFGis very high by the standard of a terrestrial crustal field

(typically <200 nT)"° but can be accounted for by natural variationsin
Mars’ mineralogy and/or thick lithosphere. Metre-to-kilometre scale
regional surveys are particularly critical forinvestigating the character-
istics of the subsurface magnetic mineralogies as well as the geological
structures. This can, in turn, constrain the timing and evolution of the
Martian dynamo®. What has been missing so far are magnetic measure-
ments on the length scale most useful to geologists and geophysical
prospectors, that is, the kilometre-scale ground survey.

The Zhurong rover landed in the southern Utopia Basin (Fig. 1) on
15May 2021 and carried out a magnetic survey in the 3 months after
landing. The Mars Rover Magnetometer (ROMAG)" scientific payload
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Fig.2|The Zhurong rover and the relevant geologic context. a, The Zhurong
rover (with dimensions of approximately 3.3 m x 3.2 m x 1.85 m) and its two
three-component fluxgates', one at the top of the mast, which can rotate, and a
fixed one at the intersection of the mast and the rover deck. b, The CTX image of
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Zhurong’s landing site (https://www.nasa.gov/mission_pages/MRO/spacecraft/
sc-instru-ctx.html) and the inferred stratigraphy with estimated layer thickness
and a ghost crater beneath Zhurong’s landing site (red dot), with the black
dashed circle marking the ghost crater previously identified'*".

onboard the Zhurong rover consists of two identical tri-axial fluxgate
magnetometers (Fig. 2a) with a dynamic range of +65,000 nT, a noise
level at 0.01nT/vHz @1 Hz. One is mounted on the mast, and the other
attheintersection of the mast and the rover deck. The upper fluxgate
canrotate about a vertical axis. The horizontal magnetic field associ-
ated with the rover is removed by rotating the upper fluxgate while
keeping the lower one fixed and by repeating the process with the rover
pointingin different directions. It should be noted, however, thatitis
not possibleto calibrate the vertical componentin this way, soonly the
horizontal components are discussed in this paper.

The ROMAG measures a combination of the internal fields,
rover-generated interference and the external fields. The conven-
tion in geomagnetism is to refer to the crustal magnetic field (and
coredynamo-generated field where one exists) as ‘internal’ and those
originatinginthe upper atmosphere and beyond (ionosphere, magne-
tosphere, Sun, etc.) as ‘external’. In this study, rover-generated fields
were removed by a two-step calibration method, and the external
contribution of the measurements is estimated using observations
fromtheInSight lander and anionospheric dynamo model (Methods).

Results

Magnetic measurementsin this survey were made at16 locationsalonga
1,089 mtrack during 90 sols from 4 June to 3 September 2021 (Extended
Data Fig. 1) in a small ghost crater” of about 5 km in radius (Fig. 2b)
whose centreislocated at 25.12° N,109.97° E. The calibration process,
whichinvolves the mast rotations and rover rotations, was conducted
to derive the Martian field along its traverse (Extended Data Figs. 2
and 3). The measured magnetic fields of crustal origin were then
acquired by removing the external contribution from the Martian
fields at the 16 locations (Extended Data Fig. 4). The track of the mag-
netic survey is depicted in Fig. 3a, and the results of the crustal fields
are presented in Fig. 3b—d. The directions of the estimated crustal
magnetic field are predominantly southeast. The amplitudes of the
north-south horizontal component typically range from 3.4 t024.0 nT
after removing the external field and contributions from the rover
itself (Methods). The total intensity, which excludes the uncalibrated
vertical component, ranges from 5.2 to 39.8 nT, while the average of
horizontal intensities is 11.2 nT with a standard deviation 0f10.9 nT.
The measurements show a significant variation of the surface field

in magnitude and direction along the Zhurong traverse. In the first
segment (about 0-200 m, sols 21-50) of the traverse, the magnetic
field is extremely weak (<10 nT) and close to zero. In the second seg-
ment (about 200-600 m, sols 58-79), the magnetic field is moderately
weak at about 30 nT. In the final segment (about 600-1,000 m, sols
87-110), the magnetic field becomes extremely weak again (<10 nT)
and close to zero. This suggests that the Zhurong rover landed in an
area of exceptionally low magnetic field and that the scale size of the
local magnetization is on the order of several hundred metres, which
can only be revealed via a ground magnetic survey. One should bear
in mind that some, or even all of, the variations may be due to iono-
spheric contributions that deviate from those estimated in this paper
(Methods). The possibility of zero magnetization beneath Zhurong'’s
traverse exists in this sense.

Theintensities of the magnetic field measured by ROMAG are much
smaller than estimates from the latest orbital data-based model* (we
shall sometimes refer to ref. 14 as L19 herein) downwards continued
to the planet’s surface (intensity of 81 nT and horizontal intensity of
55 nT).By contrast, NASA InSight’s single-site measurement on Elysium
Planitia was about ten times stronger than the orbital prediction (about
300 nT)’. The very low values at the Zhurong magnetic survey region
arealsounlikely to be found in the crustal field of many places on Earth,
particularly above volcanics containing magnetic minerals. However,
onMars, thereis noinduced magnetization because there is nodynamo
field at present. Remanence may be absent because of demagnetiza-
tion or because the rocks were formed after dynamo action ceased.

Zhurong’s landing site lies in a geologically simple terrain within
the giant impact basin Utopia Planitia in the Northern Hemisphere,
where the overall magnetic field is weak™'®. The surface of the basin
is exceptionally smooth with low crater density, which indicates a
surface age of Hesperian to Amazonian". The inferred stratigraphic
structure (Fig.2b) shows that the ancient Noachianbasementatadepth
of several kilometres has been flooded and filled with Hesperian-aged
volcaniclavas witha1-2 kmthickness. The late Hesperian-aged Vastitas
Borealis Formation (VBF) sediments, interpreted to be the residue of
outflow channel effluents derived from the southern highlands or asa
sublimation residue of the putative ocean, have been emplaced on the
volcanic Hesperian plain.Itis also evident that resurfacing has occurred
inthelandingareain the middle Amazonian (thatis, ~1.6 Ga), which may
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Fig. 3| ROMAG measurements along the Zhurong traverse. a, Measured
horizontal magnetic fields components of crustal origin at 16 sites along the
Zhurong traverse overlaid on animage of surface features from Tianwen-1’s
high-resolution imaging camera. Coloured dots and numbers show the locations
and the sols of magnetic observations, respectively. Black lines indicate
horizontal components of the magnetic vector. The values of the measurements
along the Zhurong traverse at 16 sites are shown in Extended Data Fig. 4.
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b,c, The northwards (b) and eastwards (c) magnetic component at 16 observation
pointsin the geographic frame of Mars. The error bar overplotted on each of the
16 pointsis the uncertainty calculated from the error propagation (Extended
DataFig.4).d, The distribution of horizontal componentsin the geographic
frame of Mars. The black star marks the vector mean of the horizontal fields at

16 locations. Colour codesina-d are the same.

represent avolcanic flooding event. Crater counting analysisindicates
that the filling of VBF and volcanic materials could have transformed
Hesperiancratersinto ghost craters by 3.45 Ga (ref. 18). Zhurong rover
radar has revealed Amazonian material tens of metres thick, covered
with a regolith layer several metres thick”.

Discussion

A straightforward way of explaining an extremely weak magnetic
field measured by the Zhurong rover is that the entire Utopia Basin,
and the crust beneath it, may have remained unmagnetized since the
formation of the Utopiaimpact basin about 4 billion years ago® and
that the landing site isrepresentative of surrounding area. The demag-
netization radius of the Utopiaimpactis estimated tobe 1,600 km, and
the distance of the Zhurong landing site to the impact basin centre is
about1,200 km (ref. 21). In other words, the Zhurong measurements
were made within alarge, demagnetized region in Utopia Basin. The
lack of strong magnetic signals above the large impact basins from
orbital altitude is obvious. However, up to now, it could not unam-
biguously be argued that the field is close to zero on the surface.
The Martian surface fields measured by Zhurong impose a strong
constraint on the remagnetization processes of the crust underlying

Utopia Basin after the region was pervasively demagnetized by the
giant basin-forming impact®.

Since negligible subsequent demagnetization is expected from
burial by post-dynamo lavas? or younger sediments, the extremely
weak surface fields from ROMAG measurements suggest that the Hes-
perian lava flows were never magnetized and that the dynamo may
have ceased at or before the original Utopia basin-forming impact
in the Noachian. Alternatively, demagnetization associated with the
impactinthe presence of adynamo field has been suggested®. Further,
the possibility remains that the region near ROMAG was demagnetized
by alater sizeable impact whose signature is buried. This possibility is
discussed below.

Another way of explaining an extremely weak magnetic field meas-
ured by the Zhurong rover is that the 5-km-radius ghost crater>" where
Zhurong landed was demagnetized by the impact that formed the origi-
nal crater. Ghost craters are impact craters that have been buried by
younger materials such as lavas or sediments. They are often identified
by circular structures in the overlying materials, typically in the form
of concentric double grabens thought to be formed from compaction
aroundtheinferred rim of the buried crater'. The double-ringed struc-
ture in the Zhurong landing region (Extended Data Fig. 5a) suggests
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Fig. 4| The satellite-based magnetic field model (L19) and areas influenced
by measurements. a-d, Maps of the horizontal magnetic field strengthin the
Zhurong landing region predicted by the L19 model** downwards continued to
four different heights of A =150 km (a), 100 km (b), 50 km (c) and O km (d). The
corresponding field strength at the Zhurong landing site (25.066° N,109.926° E;
star) isapproximately 2.6 nT at h =150 km, 5.6 nT at h =100 km,16.2 nT at
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50 kmand 55.1nT at the Martian surface. The black circle at A = 0 km denotes

the approximate ground area averaged by the orbital model with a radius of

150 km. Itincludes some of the stronger anomalies. The corresponding circle for
Zhurong’s ground measurement, assuming a magnetized layer of depth1km,

is too small to be shown on this scale. The grey curve indicates the topography
boundary of Utopia Basin at the surface altitude.

that the landingsite is 1-2 km from the rim of the ghost crater®, which
may have been formed from animpact that penetrated the Hesperian
lava units, subsequently buried by VBF (Fig. 2b).

How can one explain the difference between the Zhurong meas-
urements and orbital predictions at ground level? Satellite meas-
urements resolve length scales that are 100 times more than the
Zhurong's traverse. Either Zhurong landed in an area of exceptionally
low magnetization, or the orbital predictions represent the limit of
accuracy of the downwards continued magnetic field. If the former,
the low-magnetization region could be the ghost crater demagnetized
byimpact.Ifthelatter, the 50-100 nT prediction could be the result of
amplification of errors by the downwards continuation process, which
isparticularly large for the harmonics of highest degree. The problem
of assessing the detailed interpretation of orbital fields at ground level
for Utopia and other basins will form a separate future study.

Next, we investigate possible sources of crustal magnetization
that would be detectable by the Zhurong rover. The satellite field is
oftendownwards continued to ground level to give an average of the
surface field when in situ surface observations are unavailable. This
method has the advantage of generality, being independent of the
depth of any magnetic source, but it is well known that a magnetic
field model constructed from orbital data cannot reliably predict
the surface magnetic field strength at a point. Downwards continu-
ation can be viewed by accumulating contributions from an area
of interest and with different weights determined by the relevant

Green’s function for the Laplacian®%. The area of interest is where
the weightingis significant, acircle with aradius of order the altitude
of the satellite (150 km). Figure 4a-d shows the horizontal magnetic
field (see Extended Data Fig. 6 for the corresponding vertical mag-
netic field) from L19 downwards continued to different altitudes,
with a circle denoting the area of significant weighting. It should be
highlighted that magnetic fields at orbital altitudes are dominated by
wavelengths of crustal magnetism that are comparable to the distance
from the source”. Downwards continuation of a model from this alti-
tude will thus necessarily miss the shorter-wavelength components
that dominate the surface field. Given that the L19 model includes
data between 120 and 170 km, these wavelengths (clearly visible in
the patternsinFig.4) dominate the predicted field at the surface. The
crustal magnetic field intensity predicted by the L19 model at 150 km
isabout 5 nT, which is less than the MAVEN r.m.s. misfit (-9.42 nT).
Thus, the crustal field in the L19 model may be primarily noise and
consistent with either zero or extremely small crustal magnetic fields
at orbital altitude. If there is strong but small-scale magnetization
(say, <10 km) around Zhurong’s traverse, this will not be clearly vis-
ibleat orbital altitudes but could cause very strong surface magnetic
fields. This is likely the case for the InSight landing site. However, if
thereis weak or zero crustal magnetization in the region, the surface
magnetic field will of course be weak, and the orbital field will also
be weak and dominated by non-crustal noise which will be amplified
when downwards continued to the surface.
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A helpful way of understanding the ROMAG measurements is to
construct a specific magnetic forwards model of the ghost crater,
which has been buried by younger materials such as lavas or sediments.
The ghost crater model has the advantage of specificity. It provides
an upper-limit estimation of the crust magnetization beneath the
landing site constrained by the Zhurong surface measurements. We
constructed a forwards model with a weakly magnetized uniform
layer (with dimensions of 1,000 km x 1,000 km x 1 km; north, east
and vertical components of magnetization My=0 Am™,M;=0.1Am™
and M, =0.1Am, respectively) representing the layer of Hesperian
lava flows. A cylindrical hole was placed in the centre to represent
the ghost crater that penetrated the lava layer (Extended Data Fig.
5b, lower panel). The horizontal magnetic field is very weak (-6 nT) at
200 mabovethe crater centre, as predicted by the forwards model. The
strongest horizontal strength (up to 41 nT) along the rim of the hole
(Extended Data Fig. 5b, middle panel) is comparable to the maximum
strength of the value observed by Zhurong. The weak magnetic field
shown by this forwards modelis consistent with the crust beneath the
Zhurong landing region, whichis weakly magnetized atabout 0.14 Am™
(magnitude of magnetization of the uniform layer). The magnitude is
likely to represent an upper limit of the crust magnetization beneath
the Zhurongrover thatis far less than the magnetization of the South-
ernHemisphere (-10 Am™)%,

The crustal magnetic fields of Mars have been critical in dating
the duration and timing of its ancient dynamo®**. Nonetheless,
challenges and unsolved problems remain. The interpretation so far
has necessarily been simplistic, with absence of magnetic anomalies
indicating structures that were either never magnetized because
they were formed when the dynamo was inactive, were subsequently
demagnetized by impact or other alteration, or buried by deep,
younger lavas erupted when the dynamo was inactive. Virtually all
the magneticinterpretation up to now has come fromsatellites some
150 km or more above the surface of Mars, limiting the spatial resolu-
tiontoworse than100 km. Itis not surprising, therefore, that satellite
predictions are different from point surface measurements because
spatial variability on small length scales and/or weak magnetization
cannot be captured.

Zhurong's weak values can similarly be explained as natural vari-
ations. However, the model derived from orbital magnetic field data
predicts anomalies of about 73 nT, which are much larger than the
~10 nT recorded by Zhurong. They could arise from deeper layers that
were magnetized at formation. It is possible that an ancient dynamo
was operating when the dichotomy formed” and some of the weakly
magnetized basementwas preserved after the Utopia Basinimpact. Any
new lava flows could be magnetized by the underlying anomalies and
would otherwise mask the deeper anomalies. Our crater model requires
weak magnetization of the sort that could result from the basin-forming
impact, owing to either the absence of amagnetic field during forma-
tion' or processes associated with the impact such as excavation” or
cooling in a polarity-changing dynamo field”. Indeed, weak or zero
magnetization that could occupy most of Utopia Planitia could easily
come fromtheimpact that formed the basin, which occurred under the
hypothesis that there was no global dynamo magnetic field at that time.
Indeed, the magnetization of the highly magnetizable early Hesperian
lavas had to already have been weak before the impact that formed the
ghost crater, which may provide further constraints on the evolution
ofthe Martian dynamo.

We have started ground magnetic surveys on Mars and entered
anew era of more detailed interpretation, using scientific methods
similar to those successfully employed for ground magnetic surveys on
Earthoverthelast100 years. Thelandingsitein aghost craterisindeed
fortunate because, unlike an exposed crater with a steep rim that is
potentially hazardous to cross, Zhurong may be able to drive over the
outer rim and observe magnetic anomalies that are larger than seen
so far. The original 90-sol mission has been completed, but Zhurongis

capable of more exploration. In our preliminary extended mission plan,
Zhurong will be deployed by further southwards travel of about 20 km,
approachingand crossing the outer crater rim and visiting other small
volcanic features that may have stronger magnetic anomalies. These
would fill the gap in our knowledge on the magnetization of smaller
craters and, more importantly, the processes by which all craters are
magnetized and demagnetized.

Together with Tianwen-1orbital observations of space magnetic
fields and plasma environments, the Zhurong RoMAG further surface
measurements will offer an extraordinary opportunity to study the
history of the Martian environment. Concurrent observations between
Zhurong RoOMAG and InSight IFG may be essential to elucidate the vari-
ations of ionospheric currents at different local times and to identify
sources of time-varying magnetic fields.

Methods

Instrument and operation modes

Full details of the ROMAG instrumentation can be found in a previ-
ous study™. The ROMAG is a set of magnetometers with two identical
tri-axial fluxgate sensors, one mounted near the top of the mast of
the Zhurong rover, and the other fixed on the mast base. The fluxgate
magnetometers measure magnetic fields with a dynamic range of
+65,000 nT with a noise level of 0.01nT™?at 1 Hz, and a normal sam-
ple rate of 1Hz and capacity of 32 Hz in burst mode. The first ROMAG
measurements were implemented in the rover static mode on 4 June
2021, which occurred at the first observation point, 5.14 m away from
thelander. During the following 90 sols, ROMAG acquired raw data of
magnetic vector fields at another 15 observation points over a total
distance of 1,089 m.

After stopping at the first observation point, the rover started
science operations. The starting time and operation sequence on 5
June 2021 are presented in Supplementary Table 1. During the period
of mast rotation, ROMAG was the only instrument operating. The same
operation sequence was conducted atall 16 observation points, except
for slightly different angles and durations for each yaw rotation of the
mast (Extended DataFig.1).Inadditionto the 16 regular explorations,
we conducted an along-track calibration (Supplementary Table 2) on 5
January 2022 for one time, during which both the mast and rover rota-
tions wereimplemented at a fixed location to make a cross calibration.
The whole along-track calibration process lasted about 1 h, and the
ROMAG was also the only instrument operating.

Removal of rover fields and determination of Martian fields
The measured magnetic fields (B,) were the sum of three contribu-
tions: the ambient field (B,,,,), the field originating from the rover mast
system (B,,,) and the field generated by the rover body (By,q,) includ-
ing fields from solar array currents. To determine B,,,,,, we selected
data during periods of mast rotations to remove rover fields from the
RoMAG measurements thathad been processed througha calibration
procedure. We only deal with the observed magnetic fields from the
top sensor as the bottom one did not rotate with the mast. In addition,
owing to the closer distance to the rover body and the mast rotation
motor, the dynamicinterferences in the bottom sensor were apparently
stronger than for the top one, especially during the mast rotations (not
shown). Therefore, below we determine the Martian fields based only
on the measurements from the top sensor.

It was shown that the measured magneticfield (B,) ison the order
of~10,000 nT and varies by several hundred nanotesla for each detec-
tion. The Multispectral Camera (MSCam), whichis also mounted on the
mast, is quite close to the top sensor. Although the MSCam is switched
off during the mast rotation, magnetic fields from the permanent
magnetinthe MSCam primarily contribute to the measured magnetic
field. Thereisasteering mechanismthat controls the pitch angle of the
camera. The pitch angle varies at different detection locations togeta
better view, but it does not vary during the mast rotation. Therefore, the
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magnetic fields generated by the permanent magnet remain steady
during the mast yaw rotation, but vary for each measurement at dif-
ferent sites owing to the change of the pitch angle of the camera. For
eachmast rotation, By, (Mars geographic frame), B4, (rover frame)
and B, (sensor frame) are constants and can be sufficiently separated
by using a simple analytical model with relative sensor rotations, asis
common practice in thein-flight calibration of fluxgate magnetometer
offsets**%>!, We construct a two-step procedure to separate the three
fields using manoeuvres of the mast and the rover. When the mast
rotates around its zaxis, the B, in the sensor frame and the combined
field (By,s and By,q,) in the rover frame are constants (Extended Data
Fig.2a). Thefield vector rotations generate smooth variations in their
horizontal components (B, B,) that are recorded by the ROMAG sensor
(Extended DataFig. 2c), whichis presented as a circular rotationin the
hodograph of B; - B, (Extended Data Fig. 2d). Using a similar method,
we can further separate By, and By, using horizontal rotations of the
wholerover, inwhich only B,,,,, changes its directioninthe rover frame
(Extended Data Fig. 2b). Considering that the rover rotation was only
done once on 5 January 2022, it has to be replaced by comparing the
relative changes of the rover’s heading directions at observation points
intheregular detection, asthe RoOMAG was conducting measurements
only when the rover was still.

To be specific, by assuming that the combined field (B.) of By,
and By, near the sensor does not vary during the mast rotation, the
observed magnetic field B, in the frame of the rotating sensor can be
expressed withalinear equation as

Bo = C X B, + B, ()
whereB,,, isinthe sensor frame (i j, k), B.is in the rover frame (x,y, z)

and Cis therotation matrix defining the transformation from the rover
frame to the sensor frame, given by

0 0 -1 1 0 0 cosfB 0 —sinf
C=(10 0 |x]0 cosa sina [x] O 1 O X
[ 0-10 0 —sina cosa sinf 0 cospf
[ cosy siny O @
—siny cosy O |,
0 01

where the Euler angles a, f and y describe this transformation based
on a z-y-xrotation sequence and y is the mast rotation angle. As the
sensor rotates with the zaxis, C can be simplified to

c=]100
0-10

00 -1 cosy siny O
}x[—smycosyo , 3)

then equation (1) can be rewritten as
Bo,i = _Bc,z + Bmast,i
Boj = Bcx COSY+Bcy Siny + Bmastj » 4)

Bo,k = Bc,x sin ) 2 Bc,i cosy + Bmast,k

where the subscriptsi,j, kandx,y, zdenote corresponding components
of'the sensor frame and the rover frame, respectively.

MovVing Bpasjand By, «in the second and third equationsin equa-
tion (4) to the left-hand side respectively, squaring both sides and
adding the two equations together, we get
Bmast,k)2 = B(?;,x + Bgy' ©)

2
(Bo,j - Bmast,j) + (Bo,k -

This equation represents a circle, where (B s}, Bmast ) are the
coordinates of the centre of the circleinthe B; - By plane and B2, +B2
/B2 + B2,
istheradius.
Expanded equation (1), we can reduce the problem to a linear
multivariable equation below and solve it by the least-squares method
as follows:

1 1 1
Ci G, 10 B, ;
B
1 1 cx 1
Cu G 01 Box
By
8 = , (6)
N N 'mast,j N
a' @ iof |, B,,
N N mast,k N
G G 01 Bo

where Nis the number of observations during each mast rotation, C'is
the rotation matrix for the ith observation derived by using equation
(2) and B,’is a2 x 1 vector of the measured horizontal component for
the ith observation. We only consider the horizontal components
because the rotations take place in the horizontal plane and thus the
vertical component of B, and B, cannot be decoupled in this case.
The four variables that can be calculated by the minimization are B,
By, Bmast; and Bnag «, Which give the horizontal components of the
combined field (the vector sum of By, and By,,4,) and the mast field.

We applied this method to calculate B (the vector sum of B, and
By,.q,) at each of the16 Zhuronglocations in addition to the along-track
calibration on 5January. Thatis, the measurements from16 mast rota-
tions give us 16 values of B, (Extended Data Fig. 1). The field compo-
nent variations of 16 measurements are consistent with the modelled
rotation vectors in the horizontal plane (B;-B, plane). There is good
agreement between hodographs of combined horizontal fields at the
16 observation points and the model-predicted circles of rotating B,
(Extended Data Fig. 2d). Differences in the roundness of above 0.82
(where the roundness of a perfect circle is 1) are probably due to the
spatial gradient of B,,4, within the rotation plane of the sensor, cor-
responding to avalue up to 7.37 nT in the rotation plane.

In the second step, when the mast conducts at least another two
rotations with different rover yaw angles at a fixed location, B,,,,; and
B4, canbe decoupled according to

B = Cvizr X Bymars + Bpodys )

where

cosw sinw O
—sinw cosw 0 (8)

0 0 1

CMZR =

is the transformation matrix from the geographic coordinates of Mars
to the rover coordinates, and w corresponds to the yaw angle of the
rover. Under these circumstances, both By, and B4, can be considered
as constants. By,4, canbe acquired by solving equation (7) with different
Cyior and the corresponding B, at the fixed location using the similar
method as for equation (1). Thus, Byog, = (65.6 £ 0.8 nT,-82.6 £ 1.1nT)
intherover frameandB,,,,=(-11.2+0.5nT,-6.2 + 0.6 nT) inthe north-
east-centre (NEC) frame were determined (Supplementary Table 3).
As an independent check, By, can also be determined directly from
this same rover rotation (and no mast rotation, shown in Supplemen-
tary Table 4) because the vector sum of B,,; and By, Stays constant
in the sensor frame. The B, determined by these two procedures
(Byarsy=—11.2+ 0.5 nT, By, , = —6.2 % 0.6 nT for the two-step mast rota-
tion method and By, =-10.9 £ 0.5 nT, By,,,;, = —6.1+£ 0.6 nT for the
first two rover rotation) were quite consistent in both direction and
strength, indicating that the two-step method was valid. The substantial
difference of the Martian field (B, ;= 7.2 n'T) determined by the third
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and the first two rover yaw rotations was possibly due to the different
external field contribution, which was not reflected in the errors asso-
ciated with the individual measurements. In addition, the difference
in By, between the two methods was likely from the variations of the
external field during the along-track calibrations (about 1 h duration).
Another magnetic source might come from the spatial uniformity
of the rover-generated magnetic fields during rotation of the mast,
though the influence may not be large due to the small displacement
of the sensor 2 centre.

The body field acquired during the along-track calibration was
used to calculate By,q, at the 16 detection locations. Although the
ROMAG measurements at the 16 locations were performed following
the same sequence, the temperatures and the solar array currents had
considerable effects on the measurements because they were made
at different local times and the batteries were in different charging
stages. Suchinfluences of the temperatures and solar array currentson
measurements were also found in magnetic fields of InSight IFG data®.
We developed a similar algorithm to evaluate the interferences from
different solar array currents at different locations to account for the
variations of B,,q,. To be specific, we quantitatively analysed the cor-
relation between the measurements and the solar array currents (/,, Iy
and/.),aswell asthe temperatures at the sensor (75) and inthe electron-
ics unit (T, the temperature sensor was pasted on the printed circuit
board of the electronic unit). Supplementary Fig. 1 shows a 90 min
time series of three components of the top-sensor measurements in
the rover coordinate and the corresponding solar array currents and
temperatures. During thistimeinterval, the magnetometers were the
only instruments that were switched on. The magnetic field compo-
nents changed by more than 100 nT. /, decreased by about 2 A, while
I; changed by less than 0.2 A and /- did not change during this period.
We found that the coefficient between fitting results and the observa-
tion was smaller when utilizing both /, and /; than when using /, alone.
Therefore, we only used/, to calibrate the magnetic field measurements
inthis study. Although the temperature dependence might not be linear
over a wide range of temperatures, the linearity is justified over such
a small temperature range (where Ts went from -38 °C to —29 °C and
T increased from1°C to 15 °C). Thus, it is reasonable to assume that
the magnetic field measurements of each component were linearly
dependenton/,, T;and T;. Each component of the measurements can
be expressed as

Bi = G+ GiTs + G5 Te + Cy ila, ()]

where the C’s are the coefficients to be determined by the multiple
linear regression and i corresponds to each component. The fitting
coefficients for each component are listed in Supplementary Table 5.

Supplementary Fig. 2 shows scatter plots between the observed
magnetic fields and the fitting results based on the fitting coefficients.
It was shown that the observed magnetic fields linearly depended
strongly on the combination of temperatures and solar array currents.
The correlation coefficients reached more than 0.99, withanr.m.s. of
2.2and 2.4 nT for the B,and B,component, respectively. It was reason-
able to assume that the only interferences resulting the solar array
currents were containedin By, The influences of the temperatures on
the measurements were mainly contained inB,,,, and removed in step
1. Thisis because the effect of the sensor and electronic temperatures
on the magnetometer recording is independent of the orientation
of the sensor axis. When the mast rotates, the horizontal magnetic
field components due to the un-calibrated temperature effect do not
changeinthesensorframe as long as the temperature remains constant
during therotation. Ifinterference due to temperature is containedin
thebodyfield, the two horizontal components will remain unchanged
during the mast rotation. On the other hand, the solar array, which is
fixed to the rover body, will form a spatial magnetic field distribution
and the horizontal components will exhibit a time variation with a

sine/cosine-like form in the sensor frame as the sensor rotates with
the mast. Therefore, the linear correlation coefficient of /s was used
to calibrate By, for the 16 locations on the basis of the solar array
current differences between the period of the 16-mast rotation and
the along-track calibration.

We made an error estimation for the Martian field according to
error propagation analysis for each step. According to equation (7),
the Martian field can be expressed as

Bptars = Cram X (B¢ — Bpogy), (10)

where B¢ and By, are the combined field and body field in the rover
coordinates, respectively. Cp,y denotes the transformation from the
rover to the Martian NEC coordinates. According to the law of uncer-
tainty propagation, the uncertainties in the final Martian fields canbe
writtenas

— 2055/ an

body

— 2
OBy, = CRZM\/ Op + Uf;éody

where og_, Oy, and Op.p;,, Are the root mean square error (r.m.s.e.)
of B, B, and the covariance of the two variables, respectively. The
r.m.s.e.of Bowas thefittingerrorinstep1(Extended DataFig. 2e), being

calculated as

rms.e = ZL(X[_X?)Z
.ms.e. = N ,

(12)
where x;and x denote the observationand fitting results (circles). This
indicates the degree of deviation from the circle.

Asimilar method was also used to estimate the errorsinstep 2, in
which B4, was derived during the along-track calibration. However,
before applying the By, in the 16 explorations, we calibrated B,,,4,
according to the solar array currents differences as follows:

B . = Bpody + Cy Al 13)

body
where B, and By,q, are the body field of the 16 explorations and
thealong-trackcalibration, respectively. C, ;are the fitting coefficients
inequation (9) of the corresponding components. Alare the solar array
currents differences between the 16 explorations and the along-track
calibration. We first determined the uncertainties of C, ;Al as

0%4. a3
Oc = |Cy;Al| C4’» tAr (14)
S

where ., and o, are the uncertainties of C,;and Al respectively. The

uncertainties of B, q then canbe expressed as

’ = 2 2
body Boody cr

Op (15)
Substituting Og; into equation (11), we can obtain the final uncer-
tainties of By,... Extended Data Fig. 3 summarizes the flowchart that
describes each calibration step along with the uncertainty propagation.
The Martian surface magnetic fields By, at the 16 observations were
easily determined by subtracting By, from the combined field B, at
the corresponding observationsite. The calibrated values of B,,,4,and
henceB,,,are shownin tabular formin Extended Data Fig. 4. The final
B.... along with the uncertainties was acquired by subtracting the
external fields estimated from InSight observations from B,,..

Estimation of the ionospheric contribution at the Zhurong
landing site

The diurnal variations of the surface magnetic field were reported
based on the InSight magnetic measurements, and the typical
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peak-to-peak amplitude of the variation in a sol on each component
isusually less than 30 nT (refs. 9,33,34).

To assess the magnetic field contributed by the diurnal variations
mainly produced by Mars’ ionospheric currents above the Zhurong
rover, we made a comparison by modelling the ionospheric currents
over the Zhurong and InSight landing sites and their resulting surface
magnetic fields based on the model developed in ref. 35. The average
intensity ratio of the modelled surface magnetic field between Zhurong
and InSight, along with the measurements at InSight with the same
solar longitudes (Ls), was used to estimate the ionospheric current
distribution at the 16 observation locations. Although theionospheric
current patternand its sol-to-sol variability at the Zhurong landing site
may be different from those at the InSight landing site owing to their
different plasma and neutral environments, we can make an overall
comparison of their average intensities. The magnetic field inputs
for the model were from MAVEN spacecraft measurements. The back-
ground magnetic fields used in the model are from MAVEN spacecraft
measurements between 2014 and 2020. Since the magnetic fields
above the InSight and Zhurong landing sites vary with local times and
altitudes (ref. 33 and Supplementary Fig. 3), we calculate mean values
ofal0°areainthe N-Sand E-W directions at eachlocal time (24 local
timesintotal) asthe input background magnetic fields. The magnetic
fields at each altitude are the averaged values in 2 km intervals (from
130 km to 280 km).

We divided the MAVEN magnetic field measurements from 2014
t02020 above the Zhurong and InSight landing sites by local time (24
bins) and altitude (from 130 km to 280 km with a 2 km interval). We
used the mean values of 10° area in each direction as the model input
inthe dynamoregion (Supplementary Fig. 3). The neutral winds, neu-
tral densities, and electron density above the Zhurong landing site were
from the Mars Climate Database (MCD 5.3)*. The electron temperature
was constructed by fitting the hyperbolic tangent function with alower
andupper boundary of 510 and 3,140 K, respectively”. The input param-
eters above the InSight landing site were from the same data sets as
used in ref. 35. We predicted the surface field by assuming the iono-
spheric current distribution as a steady-state current sheet with large
extent in horizontal direction and finite thickness. The surface field
wasindependent from the distance from the sheet and could be given
by Bgurface = Ho 2.J(2) - % wherej(z) is the current density. This assump-
tionwill resultin an upper limit of the surface field estimation. On the
other hand, aline current assumption will lead to a lower limit of the
field estimation. The real geometry, of course, lies in anintermediate
state. Both the line current and current sheet geometry assumptions
were also conducted to estimate the surface field at the InSightlanding
site®. Supplementary Fig. 4 shows acomparison of the modelled mean
horizontal (H) components as a function of Ls. It was shown that the
average intensity of the Hcomponent at the Zhurong landing site was
about 83% of that at the InSight landing site during Ls 54-95° (shadow
area). Thisintensity ratio, along with the diurnal variations from InSight
IFG observations, was used to evaluate the external fields at the
16 exploration locations.

Next, weinvestigated the diurnal variations at InSight with respect
to local true solar time (LTST) and Ls to evaluate the diurnal fluctua-
tions as well as the sol-to-sol variations within Ls from 54° to 95° (Sup-
plementaryFig.5). It was shown that the median amplitude during the
LTST of interest was lessthan 15 nT (Supplementary Fig. 5a). The peak
amplitudes of Hcomponent show variations from10 to 25 nT during Ls
from 54°t0 95° (Supplementary Fig. 5b). The peak amplitude, to some
extent, represented the upper limit of the amplitude of asolinthe LTST
ofinterest. The standard deviation of the peak amplitudes of B;is about
3.5nT,which canbetreated asthe sol-to-sol variability in B,,. This could
be duetothesol-to-solvariations of theionospheric currents since both
the Thermospheric Neutral Wind*® and/or the electron densities**°in
the Martianionosphere appear to have sol-to-sol variations. According
totheionospheric current modelling at both Zhurong and InSight, the

sol-to-sol variations at Zhurong would also be less than 3.5 nT during
the Ls of interest.

Wethensubtracted 83% of the mean value (north and east compo-
nent of ionospheric origin, Bignon = 3.69 NT, Big,0e = —3.8 NT) between
10:00 and 16:00 LTST (the interval during which most of Zhurong’s
measurements were made) observed by InSight at the correspond-
ing Ls from the By, observed by Zhurong to obtain the pure crustal
fields from location to location. We used the mean value because the
differences in the magnetic field variations in a sol as well as sol-to-sol
between the Zhurong and InSight landing sites may be considerable
owing to their different ionospheric plasma environments. In addi-
tion, they were not measured at the same time. We therefore used the
mean values observed between10:00 and 16:00 LTST as a proxy for the
externalfieldsat Zhurong. The standard deviationinour estimate of the
external field wasused, via standard error propagation, to calculate the
uncertaintiesin our derived values of B,,.. Note that the uncertainties
inB,,, duetoionospheric contributions are not completely accounted
for in the individual measurements. The B, and the corresponding
uncertainties are showninthe tworight columns of Extended DataFig. 4.

By assuming that the uncertaintiesin each location obey anormal
distribution, we calculate the fraction of the area under each normal
curve of the 16 measurements that falls between -5and 5 nT toindicate
whether the possibility of no detectable crustal field exists along Zhu-
rong’s traverse. We chose the range of -5to +5 nT because the average
uncertainty of the calculated crustal fields was close to 5 nT. The aver-
age probabilities of the 16 curves, which liein the range between -5and
+5nT (shadow area) are 21% and 34% for the N-S and E-W component,
respectively (Supplementary Fig. 6).

Defining the stratigraphy beneath the landing site
Thesurfaceregolithlayer of thelanding areais composed of pulverized
loose materials. Some craters would penetrate through the regolith
layer, excavate and emplace larger boulders on the surface. Asaresult,
depending on whether or not rocky materials are presentin the crater
ejecta, the crater excavation depth (roughly 0.084 times the crater
diameter) can constrain the thickness of the regolith layer*. We identi-
fied tenrocky and ten non-rocky craters with mean diameter between
7 and 82 m in HiRISE images near the landing site and estimated the
averageregolith thickness to be ~3 m. When catastrophic flooding car-
rying sediments or younger lava flows resurfaced older units, smaller
craters with smaller rim heights would be buried and thus become
invisible. This leaves a kink in the measured crater size-frequency
distribution in the region, and the diameter of the crater at the kink
should correspond to the largest crater whose rim height is equal to
the lava flow thickness. In this study, we found the crater diameters
that producedthekinkin the crater size-frequency distributionto be
between ~0.41 and 1.2 km, corresponding to a thickness of the infill-
ing Amazonian materials of around 30-50 m based on the equations
inref.42. There is a 24.9-km-sized ghost crater near the landing site’.
The estimated thickness of the filling materialsis around ~297 m. It has
been hypothesized that the ghost craters have been mostly filled with
VBF materials, thus the thickness of the VBF at the landing siteis at least
297 - 50 - 3 =244 m. Estimating the thickness of the Hesperian lava
flows at the landing site is challenging as there are no obvious exposed
basaltic materials exposed by impact detected by orbital remote sens-
ing observations. A similar challenge is presented by estimating the
thickness of the hydrated materials overlying the Noachianbasement.
Here,we adopted anaverage thickness of the Hesperian lavas of 1-2 km
andadepth of the hydrated mineral layer overlying the Noachian base-
ment of around 4-5.5 km, on the basis of a previous study*.

A ghost crater, centred at 25° 6’ N, 109° 54’ E, in Zhurong’s land-
ing region was previously identified>". It was also recognized from
the combined images from the context camera (CTX) (Extended Data
Fig.5a). We estimated a diameter of -10 km for the ghost crater with a
depth of -1 km based on the depth-diameter ratio criterion*.
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Magnetized layer forwards modelling

We construct a forwards model from a homogeneously magnetized
layer with a cylindrical hole placed in the layer representing the Hes-
perian lava penetrated by a crater where the Zhurong rover is located
(Extended DataFig. 5b). The hole has a diameter and a thickness of 10
and1km, respectively. The magnetization vector of the layer [My, M,
M;1=10, 0.1, 0.11 A m™is assumed to be uniform, being less than the
maximum magnetization intensity derived from the Mars Global Sur-
veyor (MGS)-based crustal modelin the Utopia Basin®. The magnetized
layer is placed 200 m beneath the Martian surface. We calculate the
magnetic field at the Martian surface from the layer divided into 364
triangular prisms. The magnetic field from each prism is calculated
based on the polygon method**. The Martian surface field can be
obtained by integrating each prism field. Similar models are also used
to investigate the magnetic variations above large craters*.

Data availability

The ROMAG data that support the findings of this study are provided
as source data. The Martian crustal field used in making Figs. 1b and 4
is from the L19 model". The image of Zhurong’s landing site for Figs. 2b
and 3ais from the CTX image (https://www.nasa.gov/mission_pages/
MRO/spacecraft/sc-instru-ctx.html). Data sets for constructing Sup-
plementaryFig.5are publicly available viathe Planetary Data System at
https://pds-ppi.igpp.ucla.edu/search/?t=Mars&sc=InSight&facet=SP
ACECRAFT_NAME&depth=1.Source dataare provided with this paper.

Code availability
We use the L19 model™ to calculate the Martian crustal field at differ-
entaltitudes. We have not made the codes for the calibrated magnetic
datafor the RoOMAG onboard the Zhurong Rover because they are not
prepared for open use, but we would like to provide the codes to the
scientists upon request.
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Dates Sols Ls(® LMST X@m) Y@m) Z(m) Yaw(°) 0C°) B,u(nT)

2021-06-04 21 543  14:09:18 -5.1 -0.4 -0.4 107.7 196.9 103.5
2021-06-15 32 59.2  11:11:13 -115.8 -16.9 0.2 -173.7 165.2 101.1
2021-06-25 41 63.4  15:13:52 -179.2 -43.5 0.0 -153.8  230.7 125.4
2021-06-26 43 64.2 10:13:25 -184.8 -52.1 -0.0 -112.3  202.0 115.0
2021-06-29 45 65.2 16:22:51 -185.8 -54.0 -0.1 -124.4 186.9 126.6
2021-07-01 47  66.0 10:12:26 -1879 -55.5 -0.1 -144.9 189.2 105.6
2021-07-04 50 67.4 16:21:40 -2109 -47.0 0.1 174.3 154.0 110.7
2021-07-12 58 70.9  09:39:56 -340.6 -85.1 -0.0 170.7 196.2 112.2
2021-07-19 65 74.1  12:28:26 -4434 -85.4 0.5 87.7 185.1 110.5
2021-07-23 69 759 12:27:38 -499.3 -102.9 0.8 -168.4 164.4 113.3
2021-08-03 79 80.4  12:25:46 -622.5 -55.5 3.1 172.8 175.1 117.2
2021-08-11 87 84.0 12:24:23 -690.0 -77.8 3.9 -163.5 181.4 107.7
2021-08-16 92 86.2 11:36:07 -7519 -98.7 4.9 178.2 196.2 110.0
2021-08-24 100 89.8 11:01:45 -807.5 -1843 5.0 -163.2  223.6 113.1
2021-08-27 103  91.2  10:54:48 -844.1 -174.7 5.8 147.1 179.5 98.0
2021-09-03 110 94.4 10:50:51 -899.9 -96.3 8.3 135.3 175.3 107.4
Extended DataFig. 1| List of Zhurong rover operation parameters during points north, Y east, and Z down, yaw angles of the rover (Yaw), rotation angles of
omgituces (o localmeansolar times (LM atthebegimmngof mastrotaon,  sreprovide e e comonedfeifed

locations of the Zhurong rover relative to the lander level (LL) frame in which X
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Extended Data Fig. 2| Combined horizontal magnetic fields B, measured
during the mast rotations at 16 observation points. a, Sketch of the rotating
combined vector B.=B,,,s + B,.q,, and the fixed field B,,,,. in the sensor frame.
b, Sketch of the rotating vector B, and the body field By, in the rover frame.
¢, Variations of field components along with the modeled fields (black lines) in

(nT)

-
o

Fitting error (nT)
()]

79
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the sensor frame as a function of mast yaw angles during the mast rotations. d,
Hodograph of the horizontal components of B. on the B;-By plane in the sensor
frame, where the beginnings and ends of the interval are marked by squares and
triangles, respectively. e, The mean fitting errors of the horizontal component of
B.(sample size n =153) with the 95% confidence interval (error bars).
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A 90-minute Time Series of the The Along-Track Calibration

Top-Sensor Measurements

-
| " | |
1 I
| 1 I
; | | .
: [ s Lo 1 me || B | I 1 | | MastRotation | for k=1:3 !
1
A s e iy S B b |
1 Bi= G+ GTs+ GTe+ Cal j: J Rover '
| | . - - | : : ok e Crau( 1) Rotation |
1 I
1 1
I o |le ] | [ o] | | :
R i e e e E 1 Bc= Cym2rB mars + Bbody I
e e E E - 1 ! / \ 1
1 3 1 ! . I
I Mast " o " e | 1 - N B Comparison = I
2 - — i =B poay + Ca; Al body * OBy, . mars
I Rotation i bty J body Y | ) ’ Doty o Verification |
| l l 1 Iy S -
| p 1
I B, + op,, Crow (@) Bhogy j * g, I Legend Loop Process
! |
. I 1 |
: Biars j = Crom(B cj-B Qody J | | Data Sources |
| ———————————
| T
| : Processing Blocks
| Bunars j £ OB,y for j=1:16 " and output
|
| - : Input and Related
I The 16 Explorations | Operation
Extended Data Fig. 3 | Data processing flow chart. The combined fields (B.) in sensor temperature and electronic temperature, respectively. Care the
the rover frame are determined by the mast rotation. Cy,, and Cy,,; are the coefficients to be determined by the multiple linear regression and i corresponds
transformation matrices between the geographic coordinates of Mars and rover to each magnetic field component. A/are the solar array currents differences
coordinate, inwhich wis the yaw angle of rover. B, is the ambient field and By, between the 16 explorations and the along-track calibration. B;)ad arethe
isthe field generated by the rover body. I,, T and T; are the solar array current, magnetic fields generated by the rover body and calibrated by 4/and C,.
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Date Sols  Bbody,x(nT) Bboay,y (nT) Bmars, N (nT) Bumars, £ (nT) Berust, N (nT) Berust, £ (nT)
2021-06-04 21 63.70+3.12 -82.60+1.84 -1.02+3.78 -0.32+2.41 -4.71+4.20 3.48+3.04
2021-06-15 32 64.30+3.08 -82.40+1.82 8.21£2.15 2.76+1.87 4.53+2.81 6.56+2.64
2021-06-25 41 67.70+2.93 -80.70+1.79 -16.91£2.32 11.2143.20 -20.59+2.94 15.01+3.70
2021-06-26 43 114.50+6.82 -57.90+6.83 -1.25+3.16 24.11+£7.49 -4.93+3.64 27.91+£7.72
2021-06-29 45 72.50+3.20 -78.30+2.07 -20.48+1.57 27.77+2.48 -24.16+2.40 31.57£3.10
2021-07-01 47 114.90+6.93 -57.70+£6.90 21.78+2.15 26.11+£7.31 18.10£2.81 29.91+7.54
2021-07-04 50 70.90+3.22 -79.10+2.00 -9.71+2.57 -2.00+4.58 -13.39+3.15 1.80+4.94
2021-07-12 58 116.40+6.90 -57.00+£7.04 27.50+6.52 5.44+4.70 23.8246.77 9.24+5.05
2021-07-19 65 63.10+3.09 -82.90+1.83 9.73+£1.38 -3.43£2.19 6.04+2.28 0.37+2.88
2021-07-23 69 62.50+2.99 -83.20+1.80 -12.93+£2.31 -1.22+5.08 -16.62+2.94 2.58+5.41
2021-08-03 79 62.80+3.21 -83.10+1.88 -17.81£2.47 3.88+6.64 -21.50£3.07 7.68+6.89
2021-08-11 87 62.80+3.10 -83.10+1.84 -3.51+2.69 1.18+5.79 -7.19+£3.25 4.98+6.08
2021-08-16 92 66.10+3.08 -81.50+1.82 -4.77£2.13 2.71+5.17 -8.46+2.80 6.51+5.49
2021-08-24 100  68.20+2.98 -80.50+1.82 -3.07+£2.15 9.01+£2.40 -6.76+2.81 12.81£3.03
2021-08-27 103 70.20+3.05 -79.50+1.91 -5.53+£3.16 -9.21+£3.32 -9.22+3.64 -5.41+3.80
2021-09-03 110 72.40+3.17 -78.40+2.05 7.06+3.97 0.204+4.11 3.38+4.36 4.00+4.51

Extended Data Fig. 4| The calculated rover body field, Martian magnetic fields, and crustal fields along with the uncertainties, respectively. The universal time

(UT) dates, days on Mars (Sols) are listed in the first two columns.
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109°40' E 109°50' E 10°00' E

Extended DataFig. 5| The ghost crater in the Zhurong’s landing region.
a, Combined images from Context camera (CTX: D22_035786_2060_
XN_26N250W and CTX: F04_037553 2068_XN_26N250W) enhanced to better
identify the ghost crater. The white and black dashed lines indicate the inner
and outer rings of the double-ringed structure of aghost crater, respectively.
The Zhurong's landing site and route are denoted by the red dot and the blue

T
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curve, respectively. The horizontal white bar indicates the scale bar of the map.
b, Modeling results of the ghost crater showing the distributions of vertical
magnetic component and horizontal intensity in the top and middle panels,
respectively. The cylindrical hole, which has a diameter of 10 km, corresponds to
theinner ring of the ghost crater.
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Extended DataFig. 6 | The satellite-based magnetic field model (L19) and
areas influenced by measurements. Panels (a-d) show maps of the horizontal
intensity in the Zhurong landing region predicted by the L19 model® downward

continued to four different heights h =150 km, 100 km, 50 km, O km. The

corresponding vertical field strength at the Zhurong landing site (25.066° N,
109.926°E, the stars) is approximately 4.8 nT ath =150 km, 9.2nT at h =100 km,
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21.3nT at 50 km, and 57.1nT at the Martian surface. The black circleath =0 km
denotes the approximate ground area averaged by the orbital model, radius

150 km. Itincludes some of the stronger anomalies. The corresponding circle for
Zhurong’s ground measurement, assuming a magnetised layer of depth 1 km,

is too small to be shown on this scale. The gray curve indicates the topography

boundary of Utopia basin at the surface altitude.
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