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Abstract

The global tectonics of Mercury is dominated bytcactional features mainly represented by
lobate scarps, high relief ridges, and wrinkle @slgThese structures are the expression of thrust
faults and are linear or arcuate features widedyriiuted on Mercury. Locally, these structures are
arranged in long systems characterized by a prgfal@rientation and non-random spatial
distribution. In this work we identified five thrusystems, generally longer than 1000 km. They
were named after the main structure or crater epassed by the system as: Thakur, Victoria, Villa
Lobos, Al-Hamadhani, and Enterprise. In order tm géues about their formation, we dated them
using the buffered crater counting technique, wicieh be applied to derive the ages of linear
landforms such as faults, ridges and channelssfimate the absolute age for the end of the thrust
system’s activity, we applied both Le Feuvre ane&¥orek Production Function and Neukum
Production Functions. Moreover, to further confilm results obtained with the buffered crater
counting method, the classic stratigraphic apprdeshbeen adopted, in which a faulted and an
unfaulted craters were dated for each system. @$dts gave consistent ages and suggested that
the most movements along major structures all Mencury most likely ended at about 3.6-3.8 Ga.
This gives new clues to better understand the néxt@f the planet and, therefore, its thermal
evolution. Indeed, the early occurrence of tect@auiivity in the planet’s history, well before than
predicted by the thermophysical models, coupledi tie orientation and spatial distribution of the
thrust systems, suggests that other processeslgsinhl contraction, like mantle downwelling or
tidal despinning, could have contributed to thstfgtage of the planet’s history.

Keywords:Mercury; thrust systems; crater counting; thernval@ion; planetary geology;
structural geology

1. Introduction
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When the NASA Mariner 10 spacecraft approached Wgrin 1974, it revealed a planet with
widespread tectonic landforms on its surface. Alfory years later, this was further confirmed by
the NASA MESSENGER (MErcury Surface, Space ENvirenmGEochemistry and Ranging)
mission that performed global mapping of the plaretealing that Mercury’s tectonic fabric is
widely distributed on the entire surface.

The observed tectonic features are mainly repreddnyt structures named lobate scarps, high relief
ridges, and wrinkle ridges, which are different egsions of compressive stress acting on the
surface (Strom et al., 1975).

In particular, lobate scarps are surface expressitirust faults, linear or arcuate in plan view.
They are generally asymmetric in cross section wisleeply sloping scarp face and a gently
sloping back limb (e.g. Watters et al., 2015), pitadlp representing a monocline or asymmetric
hanging-wall anticline atop a blind or surface-lieg thrust fault (Byrne et al., 2014; Massironi et
al., 2015). High relief ridges are less common tlodwate scarps and more symmetric in cross
section (e.g. Dzurisin, 1978). These features eixhdih horizontal shortening and vertical offsét o
the wall. Finally, wrinkle ridges are broad, lowie¢ arches with a narrow superposed ridge. They
are interpreted to be the result of a combinatidiolding and faulting, i.e. an anticlinal fold ad

a blind thrust fault (Byrne et al., 2014; Wattersle, 2015 and references therein).

The global distribution of these contractional teat led several authors to hypothesize that they
could be the expression of two major processesaicontraction (Watters et al., 1998, 2009a;
Watters and Nimmo, 2010), tidal despinning (Bud®/6; Melosh and Duzrisin, 1978; Melosh,
1997; Melosh and McKinnon, 1998), or a combinatbthe two (Pechmann and Melosh, 1979;
Dombard and Hauck, 2008; Matsuyama and Nimmo, 2B6Athe, 2010; Klimczak et al., 2015).
More recently, mantle convection has also beenkegi@as a possible mechanism (King 2008;
Michel et al., 2013; Massironi et al., 2015).

Global contraction results from the progressiveliogoof planet’s interior. The decrease of the
internal temperature causes phase changes suobsasassociated with the solidification of the
inner core (e.g. Solomon 1976, 1977; Schubert e1888; Hauck et al., 2004; Grott et al., 2011L). |
global contraction acted alone, it should have edugobal, horizontally isotropic compressional
stresses and a uniformly distributed populatioraatiomly oriented lobate scarps (Klimczak et al.,
2015; Watters et al., 2015).

Tidal despinning, instead, is the slowing of aniatly rapid rotation accompanied by a relaxation
of the equatorial tidal bulge. Initially, this pe&s was thought to cause a distinctive latitude—
dependent pattern with an equatorial zone of N+&htad thrust faults, a middle-latitude zone
characterized by strike-slip faults with a NE-SW1 &W—SE orientations, and, finally, polar
regions with E-W oriented normal faults (Melosh7&p Recently, however, Klimczak et al.
(2015) took into account the elastic proprietieittbsphere and concluded that tidal despinning
alone would only produce a global set of openinglenfvractures with no preferred orientation at
the poles, with progressively preferred east-wasntation towards the equator.

Neither global contraction nor tidal despinningwewer, fits with the observed global pattern of
Mercury, which shows a prevalent N-S orientatedghfaults on the equatorial areas and a slight
E—W orientated thrust faults at the higher latisi{@atters et al., 2015). If global contraction and
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tidal despinning operated simultaneously for aatertime span, the resulting fabric would include
N-S oriented thrusts at the equator and middleutigiand randomly oriented thrusts at the poles
(Klimczak et al., 2015).

Alternatively, mantle convection suggests that cagagional stresses along zones of mantle
downwelling would enhance the localization of N+&®wted faults at lower latitude and E-W
faults at higher latitude (King, 2008, Michel et, 2013).

Improved knowledge of the duration and timing adgé processes could help to understand which
mechanism — or combination of mechanism — is resptanfor the formation of the observed
pattern of tectonic structures on Mercury. To #nsl, we identified several long thrust systems,
distributed over the planet’s surface (Fig. 1), amddetermined their ages, not only through
stratigraphic relationships, but also with the &ligomodel age assessments through crater size-
frequency distribution (CSFD) measurements andgusiae Buffered Crater Counting (BCC)
technique.

2. Data and Methods

The first phase of this work was to identify theust systems, searching for a series of clustered
thrust segments, linked together at the surfacechadacterized by a consistent trend and vergence.
Based on this, we can state that these thrustsefbrmresponse to the same forces. Since our aim is
to study the stress regime acting on the planéaceiat a regional scale, we considered systems
with a considerable length, generally exceedingd1k8. In addition, this allows collecting a
significant number of craters, obtaining a goodistia from the crater counting.

A change of vergence with respect to the main &iras can be locally observed in correspondence
of craters. This can be due to pre-existing amgads potentially related to the craters themselves
causing the formation of faults with an oppositegemce. Thrusts showing coherent orientation but
an opposite vergence with respect to the primarigfaand that do not represent back-thrusts of the
main structures or are not related to preexistnatecs, were not included in the systeMsreover,

we did not take into account wrinkle ridges locatethe widespread smooth plains of the northern
latitudes and Caloris basin surroundings (Deneal.e2013), since they could have been
developed in response also of loading-induced sts¥ghich depend by the thickness and
distribution of smooth plain material (Watters ket 2009b).

To identify these systems we used the MESSENGERSMMercury Dual Imaging System)
monochrome global mosaic with a spatial resolutib850 m/pixel compiled using NAC (Narrow
Angle Camera) and WAC (Wide Angle Camera) imagegi@ed in the filter centered at 750 nm

(Fig. 1).

Once the systems were detected, we used the MDpSonogected basemap reduced data record
(BDR) monochrome mosaics with a higher spatiallcggm of 166 m/pixel as basemap to outline
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each specific thrust system. The BDR mosaic is naf@AC and WAC 750-nm images

illuminated with a solar incidence angle around. 74fe basemap mosaics illuminated with high
solar incidence angle both from east (HIE) and WdB&V) were also considered to better
distinguish the structures. For each thrust systemmosaics were processed with USGS Integrated
Software for Imagers and Spectrometers (ISIS) aptbjected with ArcGIS in order to center them
at the latitude and longitude of the feature. fn@cedure was performed to avoid distortion and
the consequent alteration of the final length effdwlt systems. Finally, the tectonic structures
were digitized as vector shapefiles.

2.1 The buffered crater counting technique (BCQ) thre stratigraphic method

To date the thrust systems we used the BCC technagmethod developed by Tanaka (1982) to
derive the age of linear features (such as faualtischannels) and subsequently employed by
Wichman and Schultz (1989) to study large-scaletisiaextensional tectonics. More recently, this
technique has been used by Fassett and Head (208 ,and Hynek (2009), and Bouley et al.
(2010) to determine the age of Martian valley nekspand by Kneissl et al. (2015) to date Martian
graben systems. Giacomini et al. (2015) and Galleizal. (2016a, 2019), applied the method on
Mercury to date the Blossom and Victoria thrustesyss, respectively, whereas Fegan et al. (2017)
dated some Hermean basin-edge lobate scarps.\itédl technique has also been used on lunar
wrinkle ridges (Clark et al., 2017; Yue et al., ZDland lobate scarps (Senthil Kumar et al., 2016;
van der Bogert et al., 2018)

The BCC method assumes that it is possible to métera stratigraphic relationship between
lineaments and craters. Indeed, only craters forafted the lineaments can be considered in the
count to date the end of thrust systems’ activityestimate such a stratigraphic relationship, two
different approaches can be followed. The broagdestconsiders all the craters superposed on the
structures as well as those whose ejecta lay bedirteaments. In this latter case, craters located
a certain distance from the lineaments are alsesidered in the count. This allows more craters to
be considered. However, quite often it is not éasyiscern whether the crater ejecta superimpose a
lineament or not, with a consequent greater unicgytan the age estimation. The second approach
is more stringent and considers only those cratbisse rim intersects the lineaments.

In this work, we adopted the latter approach ireotd be more confident that the counted craters
are formed after the structures.

To perform the BCC, the “CraterTool” software deywd by Kneissl et al. (2011) was employed.
This application automatically calculates the reggiibuffer width for each crater and creates buffer
polygons around the linear features, merging trexlapgping areas.

With the CraterTool software the width of the buftan be chosen from 1R to 3R (R= radius of
crater), depending on which approach has been edlojpt the case of 1R, no crater ejecta are taken
into account. On the contrary, in the case of 2R 2R, the extensions of crater’s ejecta of two or
three radii (from the center of the crater) aresodered, respectively.

In this work, although during the selection of eratwe adopted the more stringent method (i.e.
only craters whose rim overlays the structures)coresidered also the ejecta of the craters to
estimate the buffer areas. Indeed, we assumee\bay crater formed its ejecta during the impact;
therefore we held that they should be includedhedstimate of the buffered areas. Hence, we
chose a buffer width equal to 2R. Actually, Mel@¢$B89) states that crater ejecta can extend up to
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one diameter from the crater rim (i.e. 3R from ¢heter center) but, according to Gault et al.(1975)
the ejecta on Mercury extent up to 2R from the eeot the crater.
Therefore, the buffered area (A) can be expressed a

A= 2(SbufferkL

Where L is the length of the structure and Sbuffer
Shuffer= 2R+0.5W

W being the width of the linear feature that is peghas an elongated polygon. Such polygon needs
to include surfaces formed during the same evdrgrdfore, to draw it, we considered as thrust
width just the thrust’s scarp, where we are mordident that preexisting craters were erased. On
the contrary, if we include in this polygon alsoust-related landforms (e.g. anticlinal folds
associated with thrusts), we cannot assure thaf #lle craters located within these areas
effectively postdate the thrust, since some préiegisraters could have persisted. Consequently,
also some craters predating the structures coutshbeted, with the overestimation of the system’s
age.

In this work the width for all the structures wamsidered as 2 km, which is the minimum width
that includes the thrust’'s scarps. We performed sdene tests considering a width of 1 km and 4
km but no significant changes in the final resulese obtained.

To be more conservative, we decided to considerthks case where no crater ejecta have been
taken into account (Sbuffer= R+0.5W), in order donpare the results obtained considering the two
different approaches on calculating the buffer area

Since the thrust systems under study are consilydoady, geodesic buffers were applied in order
to avoid projection distortions and consequentrexonis calculations of buffered areas. Indeed, the
geodesic buffer takes into account the curvatutb@®planet’s surface, giving more accurate buffer
offsets and, therefore, more precise buffered aregmarticular for features that cover long
distances in latitude.

As highlighted in previous works (Wichman and SthaR89; Fassett and Head 2008; Bouley et
al. 2010), one of the most important constrainthhefBCC method is the limited number of crater
statistics for small features. However, as alldbesidered systems are quite long (from 800 km to
3500 km), the counts involved a large area andiaer count-derived statistics can be considered
robust. Recently, BCC technique was also appliednoall scarps on the Moon (van der Bogert et
al., 2018). Despite the modest lengths, BCC reshltsv generally a good agreement with the
traditional CSFD measurement (van der Bogert eR@l8), suggesting that the technique is
efficient on dating also small features, if a stifint superposing craters are collected. This was
allowed by the high resolution of the satellite gaa available for the lunar surface (e.g. up t6 0.5
m/pixel for LROC images), which permitted to obtammost of the cases, a solid statistic.

After the buffer crater counts, the resulting araiee-frequency data were exported with the
CraterTools software in a format compatible with @raterstats analysis software (Michael and
Neukum, 2010) used to determine absolute modelfagdise thrust systems. Craterstats allows an
estimation of the age by performing a best fithef CSFD and then providing the absolute model
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age value with the relative errors (based on thiessics of Poisson cratering process relateddo th
nonlinear chronology functions of the models; Miehand Neukum, 2010). The best fit was
performed considering craters diameters larger Badékm, and minimizing the relative errors. The
smaller craters were avoided since a progressliveffas observed, which is likely due to the
resolution limit of used images (Michael and Neuk@®10). Moreover, considering small craters
can lead to the inclusion of secondaries. The dmutton of secondary craters within the smaller
diameter ranges (< 10 km on Mercury; e.g. Stroad.eR011) is still a matter of debate. Indeed, for
some authors secondary craters dominate the sratdr population, whereas, according to other
authors, secondaries are negligible or, at Ielasy, are integrated in the crater chronology, so the
contribution has already been included in the crstiistics (Xiao et al., 2018 and reference
therein). In order to avoid as much as possiblertfieence of secondaries, we excluded from our
counts all the craters that are arranged in clsigtechains and that show an irregular rim or shape
signs of low energy impacts, which are likely tesults of secondary impacts (Melosh, 1989).
Finally, we also performed a more classic strafigr@dating, in order to validate the results & th
BCC method. For each system, one crater that rexs &g by thrusts and one crater that superposes
the thrusts were dated. This allows a maximum amihéamum age limit of the thrust activity to be
obtained, respectively. To gain the narrowest tiamge for the thrust system activity, we should
date the youngest among the faulted craters anoldiest among the unfalted craters. To reach this
aim it is preferable to choose a faulted cratemshg a less cratered floor (for the maximum limit)
and an unfaulted crater showing a more crateren {for the minimum limit). However, this is not
always possible since we had to avoid craters t&ifilsy secondaries of subsequent craters that
could invalidate the statistics. Consequently,roftee time gap between the age obtained with the
BCC method and maximum and minimum age limits iy vade. This implies that the chosen
faulted craters can be formed considerably betoedhrust occurrence and, on the contrary, that
unfaulted craters could be emplaced well afteretind of thrust system activity. Although maximum
and minimum limits obtained with the stratigrapimethod do not reflect the effective age of the
systems’ activity, they provide a time range thaat be used to test the BCC technique, since the
results of the two different approaches need todmeordant.

In several cases, the chosen craters have a liauiez] thus, to date them we employed single
MDIS images at higher resolution, which have besibrated and georeferenced with ISIS
software.

A limited area also implies that often the CSFD mhaincludes small diameters, less than 10 km,
implying that possible far field secondaries cantdbute to the crater population. In order to
minimize their contribution we consider, for theasigraphic study, craters that are far from the
largest basins, whose secondary craters coulddfeeted the surrounding areas. Nevertheless,
during the count, craters with irregular morphoésgand/or arranged in chains and clusters have
been excluded and areas occupied by them wereedligpd removed from the counting area (Platz
et al., 2013).

Regarding the minimum age limit, in some casestimsidered craters are very young (i.e. the case
of Thakur and Enterprise thrust system). Althoughdiameters considered in the count have
diameters < 1 km, we can be confident that the GS&B not affected by secondaries since the
craters emplaced after the LHB, when the formatiblarge craters was rarer, and the contribution
of far field secondary impact craters is less gigamnt (Strom et al., 2011).

In fact, the CSFDs resulting from the counts dosihmw an evident steepening for small diameters,
suggesting that the effects of secondaries aregiggl
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2.2 Crater chronology models

To obtain an absolute model age of both the lineasn@nd the crater floors we used two different
models: the model Production Function proposedd¥euvre and Wieczorek (hereafter called
LWPF) (Le Feuvre and Wieczorek, 2011) and the NauRuwoduction Function (NPF) (Neukum et
al., 2001a).

Neukum et al. (2001a) derived the Mercurian PradadEunction from the lunar Neukum
Production Function (Neukum, 1983; Neukum and Ivab@94; Neukum et al. 2001a, b), by
applying a scaling law relative to the impactoxfand its velocity distribution, and by taking into
account the differences in gravitational acceleraind target properties (Hartmann 1977; Strom
and Neukum 1988; Neukum et al. 2001a, b). Since W&¥-the most known and used
chronological model in the past, we decided toalse this model to give a basis of comparison
with the ages previously calculated for Mercuriaatéires.

LWPF is a more recent model that takes into accthenimpactor flux that affected the planet
surface as well as the different rheological preies of the surface itself.

It assumes that the impactor SFD is the same [ftheplanets and the impact probability is
independent of the projectile size. To derive ti8=D from the impactor SFD Le Feuvre and
Wieczorek (2011) used the porous scaling law aadhtin-porous scaling law of Holsapple and
Housen (2007), based on the target rheology. IhL¥WEF only the gravity regime is considered on
the scaling law and therefore tensile strength®dis are negligible (this holds for crater larger
than a few hundred meters in rocks and larger ghi@w meters in consolidated soil). The transition
between porous and non-porous scaling law is censidinear (see Le Feuvre et al., 20The
choice between the two different scaling laws pegabby Holsapple and Housen (2007) has
important implications on the resulting age. Intfélse same measured CSFD will give a
substantially older age if fitted assuming a colesboil/porous material rather than a non-
porous/hard rock target. This considerable agemiffce results from the fact that porous target
dissipates the impactor energy more efficientlyntaes the non-porous one. Therefore, for given
impactor masses and velocities, craters formedooous material will be smaller than those formed
on hard rock (Holsapple and Hounsen, 2007; variBdgert et al., 2017 and reference therein).

In this work, we decided to consider the LWPF parscaling law results, rather than the non-
porous ones, for the reasons discussed below.

The thrust systems considered cross prevalentydrater plains, densely cratered and then highly
fractured. Moreover, the greater part of craterssmered in the count has generally moderate
dimensions, with diameters ranging between 1 km2fnhkim. Such range of crater diameters is
lower than that proposed by LeFeuvre and Wieckzo{2@11) for non-porous regime (i.e.
diameter >20 km). Indeed, according to Holsapp898), for complex craters, the relationship
between the observed crater diameter (D) and éimsignt crater diameter {jDs:

0.079

D—1oz< )
D, " \D,
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where D is the transition diameter between simple and ¢exwgrater, that on Mercury
corresponds to 10.3 km (Pike, 1988).

The ratio between the depthldnd the diameter (Pof the transient crater is estimated to be
between 1/3 and 1/4 (Melosh and Ilvanov, 1999). Tfarcraters with an observed diameter of 20
km, the maximum excavation depth, Hanges between 6.2 km and 4.6 km.

Schultz (1993) estimated a thickness of 4.5 kniHerupper fractured bedrock layer on Mercury,
due to the cooling joints and fractures of bas#ltsvever, it is likely that the subsequent impacts
caused a thickening of this fractured bedrock, @sfig in the old intercrater plains. Thereforeisit
probable that all the counted craters involved ohé/upper heavily fractured surface of the planet.
This evidence led us to consider the porous scédiwcas the most suitable for our age estimation.
This is further confirmed by a comparison betwdenltWPF best fits performed with porous and
non-porous scaling law. Indeed, we observed tbhaglf the systems, the porous isochrons fit better
with our CSFDs rather than the non-porous onesgismaller errors on the age estimation.
Finally, if we consider the non-porous scaling l&ov,the Thakur and Victoria systems the
relationship between thrust’s age and maximum iagie Would not be respected.

The porous material scaling law was employed alstate the crater floors, and smooth plains
infilling the basin. Although in this latter casemporous material seems to be the most appropriate
scaling law to use, also in this case basalt nateare highly fractured at the surface due to
pervasive jointing by cooling of the lavas (Schult293). Therefore, a cohesive soil/porous
material scaling law is more representative ofetgpes of terrain considering the small dimension
of the counted craters (less than 10 km) (Giacoetiai., 2015).

3. Thrust systems description and their model atimation

Based on the criteria described in Section 2, vieatied five long thrust systems. We refer here to
each of them by the name of a prominent featurerapassed by the system, such a rupes or large
crater. The following names of the system are mfdr(i.e. not included in the USGS Gazetteer of
Planetary Nomenclature).

The ages obtained for each thrust system, consgldre Sbuffer=2R+0.5W and the LWPF and
NPF age models, are listed in Table 1. For LWPH bwe porous material and the non-porous
material scaling law are reported in that tablewewer, in the following sections only porous
scaling law results are considered and discusdeslbé&st fits of CSFDs with LWPF non-porous
scaling law are included in the supplementary nigter

The ages obtained considering the Sbuffer=R+0.50\hdt show significant difference with
respect to the first approach and they are repamtdte supplementary material as well.

Since only the undeformed craters that overlaglhest were counted, by applying the BCC
technique we estimated the age of the final stagjgrost activity. In addition to the BCC results,
also the maximum and minimum age limit, obtainediaiing a faulted and an unfaulted crater
respectively, are reported. To gain maximum andmum ages a traditional CSFD measurement
was used.
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3.1 Thakur system

This system, located between 9.93°N and 23.78°337W and 60.10°W, is constituted by

eighteen structures for a total length of 1600 krauts a crater of 104 km of diameter, called
Thakur. Hence, we refer here to this system asKiihénrust system” (Fig. 2).

The structures cut different terrains, from intater plains to smooth plains, these latter with
modest extension and emplaced within largest @ater

The tectonic structures are uniformly NNE-SSW deenand their slope asymmetry suggests a NW
vergence. Locally, in particular in correspondeattour craters (i.e. Thakur crater, and three
unnamed craters, Fig.2), the thrusts show an ofgpesigence. The southernmost lobate scarp
constituting the system is a basin-edge lobatgpdocamed at the edge of a smooth plain infilling

the 340 km diameter Raphael basin.

3.1.1 Thakur system’s age

A total amount of 30 craters overlapping Thakuteyswere counted (Fig.3a). By comparing the
CSFD with the LWPF the age obtained for the thim8t7 (+0.03/-0.06) Ga (Fig.3d).

By considering the NPF we obtain 3.6 (+0.04/-0®8&) which is concordant with the age gained
with LWPF (Fig.3e).

To obtain the maximum age limit for the system’svaty we choose to date the floor of Thakur
crater, which is filled with a smooth plain deforney structures (Fig.3b).

The age obtained with LWPF is 3.7 (+0.01/-0.02) $se@gesting a sin-deformational origin for the
crater (Fig. 3d). Following NPF, we obtained instea age of 3.8£0.02 Ga (Fig. 3e).

To obtain a minimum age for the system'’s activigy meed to date an unfaulted crater. However,
the craters overlaying structures are not largeighdo perform CSFD measurements, or their floor
is covered by clusters of secondary craters. Thegetve chose to date the floor of a crater located
at about 50 km from the system but whose ejectlglenantle the north-central structures. The
crater, 50 km in diameter, shows a very sharp naqgy, a very smooth floor and extended ejecta
(Fig.3c). As expected, the crater floor resultsywerung: 84+20 Ma according to LWPF (Fig. 3d).
By using NPF we obtained instead an older age 0£@6 Ma (Fig.3e). The time span provided is
quite wide suggesting that the crater formed witdrahe end of thrust system activity.

3.2 Victoria system (extended)

This system is located between 65.00°N and 11.588535.92°W and 10.87°W. It represents the
longest system considered in this work coveringmgth of about 3500 km from the northern to the
southern end (Fig. 4). The northern part (encongazhbstween 58°24’N and 22°N) is based on the
geological map of Galluzzi et al. (2016b) and hesrbalready analyzed by Galluzzi et al. (20164,
2019). In this work we considered also the soutlestension of the system. The overall system is
constituted by forty-eight mapped thrusts, crossmigrge part heavily cratered intercrater plains.
The longest thrust within the system is the 550l&ng Victoria Rupes, from which we took the
name for the system as a whole. Other long lolztgps are included in the system, as Antoniadi
Dorsum, Endeavour and Santa Maria rupes (Fig. ®®.structures included in the system show a
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prevalent N-S orientation in the northern and @ rsiector, changing slightly to NNW-SSE toward
south to return N-S at the southern tip. Some ethihusts follow the crater rims, suggesting that
they developed along previous impact discontinslifithe system verges mainly toward east,
although several changes in vergence are localigrehble. In fact, in correspondence of the
central and southern part of the system some Iaakts are observed in association with the main
thrust. Moreover, like in the case of Thakur systdra structures show opposite vergence in
correspondence with five craters (Fig.4).

3.2.1 Victoria system’s age

In order to date the Victoria system 114 craterseve@unted (Fig. 5a). We then obtained an age of
about 3.7 (+0.02/-0.02) Ga for LWPF. With NPF wé¢agted an age similar to the first case,
attested at 3.8+0.02 Ga (Fig. 5d,e).

To obtain a maximum age limit of the system’s dttiwe chose a faulted central peak crater
named Donne, of about 85 km in diameter (Fig. B¥g.chose it among the other faulted craters
since its floor does not appear to be affectedjbgt@ of surrounding craters, and then the efféct o
secondaries on the age estimation should be miadnikhe crater count of the floor gave a
maximum age limit of 3.8 (+0.01/-0.02) Ga with LWRkmilar to the 3.9+0.02 Ga obtained with
NPF (Fig.5d and e respectively).

The superposed craters that are suitable to ottteiminimum age limit for Victoria system (i.e.
with a crater floor large enough for a good statiahd not affected by secondaries) were lacking.
For this reason, we choose a central peak craaedtes not directly overlap the structures bu lay
over a 25km-diameter crater whose rim covers a&ire located in the central part of the system.
The chosen crater has a diameter of 67 km and shavedl preserved rim and clearly visible
proximal ejecta (Fig.5c). The crater counting @& tnater’s floor gave an age of 2.4+0.4 Ga with
LWPF (Fig. 5d). With NPF the age was instead 3(b{5%/-0.08) Ga (Fig.5e).

3.3 Villa Lobos system

The system is located between 23.63°N and 1.95t\Ba#b°E and 15.28°E for a maximum N-S
extent of about 900 km (Fig. 6). It encompassestyvéve thrusts, one of them cutting the Villa
Lobos crater. Therefore, we refer here to the gyste Villa Lobos system.

It shows a general N-S orientation with a westwemgjence. Such a vergence is kinematically in
agreement with the slight change in trend of thelsern structures (NW-SE), likely representing
lateral ramps of the system, linked with the frbthaust. In correspondence with three unnamed
craters (Fig. 6) thrusts show an opposite vergendsvo of these craters thrusts are observed to
follow crater margins, suggesting that they follpie-existing zones of weakness. Back-thrusts are
detected in association to some of the main fafntguently in the eastern part of the system. The
thrust system cuts a variety of terrains, fromricri@er plains to large craters filled with smooth
plains. The eastern part of the system, in padicuaiuts an extended less cratered region, likely t
result of a resurfacing process.

3.3.1 Villa Lobos system’s age



423  For Villa Lobos system 18 craters were considecedife BCC (Fig.7a). The end of activity of the
424  system has been dated at about 3.6 (+0.09/-0.8)itGaWPF, an age similar to that obtained with
425 NPF, attested at about 3.6 (+0.06/-0.01) Ga (Fig)7d

426  For the maximum age limit we dated the floor o&ge faulted crater with a diameter of about 120
427  km, located in the central sector of the systershétws a moderately degraded crater rim and

428  proximal ejecta (Fig. 7b). We obtained an age ©f(30.02/—0.03) Ga with LWPF and 3.9 (+0.04/-
429  0.05) Ga with NPF (Fig.7d and e, respectively).

430 Concerning the minimum age limit, the superposetics larger enough to be suitable for a

431 traditional CSFD measurement were very few. Ona@farger superposed crater located in the
432  northern sector of the system has the floor heaffgcted by chains or clusters of craters, likely
433  due to the ejecta of subsequent craters. The presdrsuch secondary craters could invalidate the
434  count. For this reason we decided to considertarcnamed Kyosai (Fig.7c), located immediately
435  on the west side of this larger crater and whoset&jsuperpose its rim. However, the floor of

436  Kyosai shows extended areas of hollows. Therefbeeage of this surface can be compromised.
437  For this reason the ejecta of the crater were densd for CSFD measurements, obtaining and
438  absolute model age of 1.3+0.4 Ga, following LWPk(Fd). Following instead NPF, the age gap
439  between the final stage of the system activity #wedsuperposed crater is shorter, since the model
440  assigns an age of 3.4 (+0.1/-0.5) Ga (Fig.7e).

441

442

443 3.4 Al-Hamadhani system

444

445  This thrust system extends between 42.63°N and21l%.8@nd 99.44°W and 83.22°W and includes
446  twenty-four structures, for a total length of ab@600 km. One of its lobate scarps cuts a crater
447  named Al-Hamadhani, from which the system has Ineemed (Fig.8).

448  The lobate scarps crosscut intercrater plains Isotseveral large basins whose floor is covered by
449  smooth plains.

450 In the south-western part, the lobate scarps aisarcextended area characterized by a lower crater
451  density with respect to the surrounding area anidiwils probably constituted by volcanic deposits
452  as well.

453  The system shows a general NE-SW orientation arstigience toward NW. Also in this system,
454  structures with opposite vergence (i.e. SE) haen lodbserved on five unnamed craters. Locally,
455 the main thrust is associated with back-thrustpairicular approaching some of the crater rims.
456

457  3.4.1 Al-Hamadhani system’s age

458

459  To determine an absolute model age for the Al-Hdraadsystem 43 craters were included in the
460 BCC measurement (Fig. 9a). The BCC method estadlisie final stage of the activity at about 3.7
461  (+0.02/-0.03) Ga for LWPF (Fig. 9d). An age of 2B03 Ga was obtained instead with NPF (Fig.
462  9e).

463  The maximum age limit for system’s activity wasided by counting the floor of a large faulted
464  crater, 116 km in diameter, showing signs of emo&iot with a still preserved crater rim and

465 remnants of the ejecta blanket (Fig.9b). We obthareage of about 3.8 (+0.01/-0.02) Ga

466  following LWPF (Fig. 9d); NPF gave an age of 3.9.02/-0.03) Ga (Fig.9e).
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To obtain the minimum age limit, we dated the geafta crater with a diameter of 30 km that
overlays the central segment of the system. It sreowell preserved rim, a central peak and
proximal ejecta (Fig.9c). The count gave an age00t-40 Ma for LWPF (Fig. 9d), with NPF we
obtained instead an age of 300+100 Ma (Fig.9e) Alghis case the time span between the age of
the final stage of thrust’s activity and the minimage limit is considerably wide.

3.5 Enterprise system

This thrusts system represents the surface expresta large-scale thrust fault (Fig. 10).
Topographic and kinematic analyses attest thatsfsteem includes Enterpise Rupes, one of the
longest thrust known on Mercury (Watters et al,200errari et al., 2015; Massironi et al., 2015),
from which we took our name for the system. loecated between 25.47°S and 38.68°S and 64.89°
E and 84.23°E, for a total length of 820 km. Thistem transects the Rembrandt basin and
includes two segments, one inside and one outsaleraiter, which show different characteristics.
Indeed, on the western branch, outside the bd®rsytstem has a WSW-ENE orientation whereas
on the eastern branch, in the basin’s floor, thentation changes in SW—-NE (Ferrari et al., 2015;
Galluzzi et al., 2015). Several strike-slip kinemmatdicators have been observed along the thrusts
suggesting a dextral transpression in the westemmch and a sinistral transpression in the eastern
one. This, coupled with the arcuate shape in plew and the asymmetric relief of the thrusts,
indicates a SE vergence for the Enterprise systaiuzzi et al., 2015; Massironi et al., 2015).

The system crosses different types of materiainfh@avily cratered terrains, outside the
Rembrandt basin, to smooth plains within the Remdirbasin.

3.5.1 Enterprise system’s age

The craters counted to date the Enterprise systerdZa(Fig.11a). The age obtained with LWPF for
the Enterprise system is 3.7 (+0.03/-0.04) Ga (Flg). By following NPF we obtain an age of 3.8
(+0.05/-0.08) Ga (Fig.11e).

The maximum age limit can be provided by the Remdirdasin. As highlighted by Ferrari et al.
(2015), Rembrandt inner plains are constituteditfgrént subunits. Therefore, a CSFD of the
Rembrandt floor would not be representative ofyixenger resurfacing event alone, but of more
than one event. For this reason we chose to datRéimbrandt basin itself. Ferrari et al. (2015)
already performed the crater counting for the Basiated Material M) that includes the basin’s
proximal ejecta and hummocky unit, interpreted@almixture of impact melt and ejecta (Fig.11b).
The age obtained f&@M was 3.85+0.1 Ga, following NPF (Fig. 11f). In tiierk we considered

the same crater count, obtaining a comparable 88880.007 Ga for the LWPF (Fig. 11d).

For the minimum age the only superposing cratersghimor is big enough to be dated is located in
the northern sector of Enterprise Rupes. It haamaeter of about 23 km and shows a sharp
morphology (Fig. 11c). The result of the cratermogave an age of 950+200 Ma with LWPF (Fig.
11d) and 2.0+£0.4 Ga (Fig. 11f) following NPF (Fid.e).

4. Discussion
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The results obtained with the BCC technique rewketiat the systems taken into account in this
work ended their activity into a time range of 36~Ga, following LWPF, and 3.6-3.8 Ga,
considering NPF. A further discussion about thedifferences observed between LWPF and NPF
is included in the supplementary material.

The results obtained for the thrust systems aagiarement with the age estimated previously for
other Mercurian systems, as the Blossom thrusesysivhose activity was estimated to end at
about 3.5-3.7 Ga, according to the Model Produdaanction (cohesive soil) proposed by Marchi
et al. (2009) and NPF, respectively (Giacominilgt2®15). Addition of the Blossom system to the
five systems reported here allows a more completeatjassessment of major tectonic systems that
occurred on Mercury.

These results are also in agreement with the classiratigraphic analysis between lobate scarps
and craters performed by Banks et al. (2015). Estynated that the fault activity should have
occurred by a time near to the Late Heavy BombandifieHB) (i.e. an increasing of impacts
registered on lunar surface probably due to arciige in the inner system of main belt and/or
Kuiper belt objects, occurred at about 4.0 Ga atingrto Marchi et al., 2013). In fact, they
observed that some lobate scarps appear superppsedieformed Calorian craters (Calorian
system covers a time span between 3.9 Ga and 8.&6&}. Banks et al. (2015) also observed that
some lobate scarps continue their activity untierg age, since some small (< 3 km) fresh craters
appear modified or cut by scarps. This is in agesgnwith the discovery of some thrusts
interpreted to be Kuiperian in age on the baswater degradation morphologies (Watters et al.,
2015). Such a long-lived tectonic activity is motontrast with our results since the ages we
obtained using the BCC method for each system septehe final major activity recorded for the
system as a whole, but more recent movements t@wiel been occurred in some single thrusts.
Anyway, the results suggest that the tectonic agtgiving rise to lobate scarps took place very
early in Mercury’s history, well before than prewsdy hypothesized by thermophysical models
(Tosi et al., 2013). According to these models,tdotonism of Mercury is intimately related with
the beginning of the contraction of the planet ttuthe core’s cooling process. This contraction has
been estimated to start at about 3 Ga, well dfeet.HB (Grott et al, 2011; Tosi et al., 2013). Our
results, however, would suggest that the activagponsible for the lobate scarps growth began
earlier in Mercury’s history, at least before 3.8.G

This means that the actual thermal model for theqtl should be modified changing some
parameters, like mantle temperature and viscositiokness of the regolith layer, in order to
allow an earlier contraction.

On the other hand, the results obtained in thikwould suggest that these major thrust systems
formed in response to other processes, like tidapohning (e.g. Klimczak et al., 2015), but also
mantle downwelling (Massironi et al., 2015; Wattetsl., 2015), which then could have played a
role on the structures formation and then on Mefswvolution.

Such hypothesis seems to be confirmed also bygaestimated for the extended smooth plains,
which assesses the end of the widespread effusizanism at about 3.5 Ga (Byrne et al., 2016).
Indeed, the end of the extensive volcanism cormdpavith the progressive contraction of the crust
and the consequent closure of the conduits thawadhe rising of magma toward the surface.
Therefore, large volume effusive volcanism is nqiexted to occur after the beginning of the
global contraction (Wilson and Head, 2008; Byrnalgt2016). However, this is not in agreement
with the age obtained in this work for the endhotist system’s activity (3.6—-3.7 Ga). Then, if the
beginning of the contraction occurred after 3.5 &asuggested by the thermophysical models and
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Byrne et al.’s results, it is likely that the thrgystems considered in this work formed in respons
to other processes.

Moreover, the thrust systems are mainly locatatienlower latitudes and show a prevalent N-S
orientation (Fig. 12), in accordance with the scenpredicted by Klimczak et al. (2015) that, on
the basis of stress’ magnitude and latitudinalataom, theorized a higher density and larger
dimension of structures at the equatorial zonetheamore, the systems show a concentration in
longitudinal bands, in agreement with Watters ef2015) that observed a non-uniform spatial and
aerial distribution of the largest tectonic struegi It seems also that the systems show a regular
longitudinal framework. Such a pattern could repne®vidence that mantle convection, with
regularly-spaced linear convection planforms, cdwdde been involved in the first stages of
Mercury’s evolution, as suggested by King (2008)esatively, it can be expression of variations
on the lithospheric strength (Watters et al., 2015)

The detection of strike-slip kinematic indicatdigt cannot be explain with the solely contraction,
seems to confirm the hypothesis that other mechenshould be invoked to explain the Mercury’s
tectonic framework (Massironi et al., 2015).

5. Conclusions

Five long thrust systems have been identified atddithrough the buffered crater counting (BCC)
technique in order to temporally constrain theinaty. Two different chronology models were
adopted: LeFeuvre and Wieczorek Production Fun@mhthe Neukum Production Function. For
the former an age ranging between 3.6 Ga and 3(p&aus scaling law) was obtained, whereas
for the latter one a slightly wider range of 3.@-&a has been estimated. To date the systems, only
unfaulted craters were counted, therefore the atgrned indicate the final stage of the activity
registered along the thrust systems, when the edsdcstress was insufficient to cause the
deformation of craters located along their strikdae resulted thrusts systems’ ages are coherent
with the classical stratigraphic approach, as #Hreyset between the faulted and unfaulted crater’s
age. That comparability would support the effeatess of the BCC technique as a method to date
thrust systems. Such results have important imjpdica regarding the thermal evolution of
Mercury since they provide new clues on what o@liduring the first stage of the planet’s
history. Indeed, their early formation (well befdhan predicted by the thermophysical models), the
chronological relationships with widespread effesiwolcanism, their non-random orientation and
spatial distribution, suggest that they can be &atwith the contribution of other processes beside
global contraction. This leads us to hypothedia inantle downwelling or tidal despinning, could
have contribute to the planet’s evolution.

A significant finding is that all the thrust systemnded their activity at about the same timegrath
early on the planet evolution. This would suggkat the higher strains exceeding the frictional
resistance of the lithosphere, causing the sutfaeaking at large scale (and then the formation of
systems of thrusts) occurred prevalently earhhanglanet history. This seems in agreement with
hypothesis that higher strain rate occurred on Mrprior to 3.9-3.5 Ga, and decreased over the
time (Phillips and Solomon, 1997; Klimczak , 2015).
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787  Fig.1 Global view of the five thrust systems anatyand dated in this work. The background is thd$1D
788  global mosaic (spatial resolution 250 m/pixel) queectangular projection.

789  Fig.2 Thakur thrust system, named after the Thakater, which is cut by one of the structures idelliin
790 the system (a). (b) Thakur system'’s structuresgh triangles indicate the dip direction of theuit), show
791  a NW vergence. In correspondence of four cratadiqated by white arrows) the structures vergéén t
792  opposite direction (see text for more details).t@nbackground is a MDIS BDR mosaic (166 m/pixel) i
793  equirectangular projection.

794  Fig.3 Dating of Thakur thrust system. (a) Buffezas (in green) created around lineaments (in Bidg

795  circles indicate the crater overlapping the stmedand considered in the count to compile thd Graer

796  SFD and date the system. A faulted and an unfaaltér were also chosen to estimate a maximunaand
797  minimum age limit for the system and are indicdiga pink and a white arrow, respectively. (b) Egéal

798  view of Thakur crater. In blue are outlined thesachosen for the counting and in red are the cdunte

799 craters. (c) Enlarged view of the chosen unfaulteder (unnamed); the count was performed on a NAC
800 image (EN1053868463M; 87 m/pixel). Symbology aébin The crater SFDs of the system (black squares),
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of Thakur crater (red filled circles), and the unifad crater (green filled stars) were plotted aochpared
with LWPF porous scaling law (d), and NPF (e) ttedtbthe absolute model age for the system.

Fig.4 (a) Victoria thrust system, named after Migtoupes, the longest scarp encompassed in thensys
(b) Structures composing the system are outlineddr(triangles indicate the dip direction of theust).

The system shows an eastward vergence. In corrdspoe of five craters (indicated by white arrowisg,
structures show an opposite vergence (see tertdoe details). On the background is a MDIS BDR rimwsa
(166 m/pixel) in equirectangular projection.

Fig.5 Dating of Victoria thrust system. (a) Buffaeas (in green) created around lineaments (odtime

red). Craters overlapping the structures and censtbifor the counting are outlined in blue. A parid a

white arrow respectively indicate a faulted andiafaulted crater chosen to estimate a maximum and a
minimum age limit for the system. (b) Enlarged viefathe faulted crater (unnamed). In blue are patithe
area chosen for the counting and in red are thetedicraters. Count was performed on a NAC image
(EN1022397268M; 58 m/pixel). (c) Enlarged view loé tthosen unfaulted crater (unnamed). Symbology as
in (b). Count was made on EN1067811079M NAC im&dent/pixel). The crater SFDs of the system (black
squares), of the faulted crater (red filled cirglesd unfaulted crater (green filled stars) wdotted and
compared with LWPF porous scaling law (d), and Né&Ro obtain the absolute model age for the system
NPF chart show a depletion of larger craters. hmssibly due to an underestimation of cratengelathan

20 km superposed to the thrust system, although depletion seems to not be observed on LWPF chart.

Fig.6 Villa Lobos thrust system, named after Villgbos crater (a). (b) Structures encompassed in the
system, outlined in red (triangles indicate thedinection of the thrust), show a prevalent eastiwar
vergence. In association with three craters (indit&y white arrows), the structures show an opposi
vergence (see text for more details). On the backyt is a MDIS BDR mosaic (166 m/pixel) in
equirectangular projection.

Fig.7 Dating Villa Lobos thrust system. (a) Buffa@eas (in green) created around lineaments (odtime
red). Craters overlapping the structures and censitifor the counting are outlined in blue. A parkow
indicates the faulted crater chosen for the maxiraygstem’s age limit; white arrow indicates Kyosaiter,
chosen to estimate the minimum limit. (b) Enlargeav of the faulted crater (unnamed) showing treaar
chosen for the counting (outlined in blue) anddbented craters. In red are the primary cratersidened

for the count, in yellow the secondaries which wexeluded from the count. (c) Enlarged view of K3ios
crater. The count was performed on a NAC image @0675399M; 65 m/pixel). Symbology as in (b). The
crater SFDs of the system (black squares), ofadhkefd crater (red filled circles), and of Kyoseiter

(green filled stars) were plotted and compared WPF porous scaling law (d), and NPF (e) to obthi
absolute model age for the system.

Fig.8 Al-Hamadhani thrust system, named after Altddhani crater (a). (b) Structures encompassdutin t
system (in red; triangles indicate the dip diratiad the thrust), verge toward NW. Opposite vergenas
observed in correspondence of four craters (indithy white arrows; see text for more details) tign
background is a MDIS high solar incidence angle BBésaics (on the left: HIWmosaic; on the right: HIE
mosaic; the grey stripe in the center of the imaghkie to the different illumination conditionstoe images
used for the mosaics) (166 m/pixel) in equirectdagprrojection.

Fig.9 Dating Al-Hamadhani thrust system. (a) BuHiezas (in green) created around lineaments (edtiim
red). Craters overlapping the structures and censibtifor the counting are outlined in blue. Thdtéland
the unfaulted craters are indicated by a pink anthige arrow, respectively. (b)Enlarged view of thalted
crater (unnamed) showing the area chosen for thetiog (outlined in blue) and the counted cratars€d).
(c) Enlarged view of the unfaulted crater (unnam&te count was performed on a NAC image
(EN0211416032M; 100 m/pixel). Symbology as in {fe crater SFDs of the system (black squaresheof t
faulted crater (red filled circles), and unfaultadter (green filled stars) were plotted and comgavith
LWPF porous scaling law (d), and NPF (e) to obth@absolute model age for the system.
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Fig.10 Enterprise system named after Enterprises(@). (b) The system’s structures, outlined ¢h re
(triangles indicate the dip direction of the thjuserge toward SE (see text for more details)it@gn
background is a MDI&igh solar incidence angle BDR mosaic (166 m/pikeBquirectangular projection.

Fig.11 Dating Enterprise thrust system. (a) Buffiexas (in green) created around lineaments (odtime
red). Craters overlapping the structures and censitifor the counting are outlined in blue. Whitewa
indicates the unfaulted crater chosen for the minmsystem’s age limit estimation. (b) Rembrandtrbas
was chosen for the maximum age limit. The areaidensd for the count is outlined in blue. In red tre
primary craters considered for the count, in yeltber secondaries, excluded from the count. (c)rgath
view of the unfaulted crater (unnamed). The cousxt performed on a NAC image (EN1059205122M; 49
m/pixel). The crater SFDs of the system (black seg)a of the Rembrandt basin (red filled circlesi
unfaulted crater (green filled stars) were plotied compared with LWPF porous scaling law (d), iRéF
(e) to obtain the absolute model age for the sysldma steepening observed in the NPF chart fosmedler
craters can be due to the presence of possibledagocraters since the counted area includesasia b
proximal ejecta, where secondaries could be forduwgthg the impact that formed the basin itself.



Table 1 Model ages and maximum and minimum age limits of the five thrust systemsinvestigated in this

work

LWPF
(porous scaling law)

LWPF
(non-porous scaling law)

NPF

Thakur system:

3.7 (+0.03/-0.06) Ga

990 (+300) Ma

3.6 (+0.04/-0.06) Ga

Maximum age limit
(Thakur crater)

3.7 (+0.01/-0.02) Ga

150 (+10) Ma

3.8 (+0.02) Ga

Minimum age limit

84 (+20) Ma

2.6 (+0.5) Ma

260 (+60) Ma

Victoria system:

3.7 (+0.02/-0.02) Ga

1.0 (x0.2) Ga

3.8 (+0.02) Ga

Maximum age limit
(Donne crater)

3.8 (+0.01-0.02) Ga

300 (+40) Ma

3.9 (+0.02) Ga

Minimum age limit

2.4 (+0.4) Ga

49 (+9) Ma

3.5 (+0.05/-0.08) Ga

Villa Lobos system:

3.6 (+0.09/-0.8) Ga

720 (£300) Ma

3.6 (+0.06/-0.01) Ga

Maximum age limit

3.7 (+0.02/-0.03) Ga

990 (+300) Ma

3.9 (+0.04/-0.05) Ga

Minimum age limit
(Kyosai crater)

1.3 (+0.4) Ga

32 (+9) Ma

3.4 (+0.1/-0.5) Ga

Al Hamadhani
system:

3.7 (+0.02/-0.03) Ga

970 (+200) Ma

3.8 (¥0.03) Ga

Maximum age limit

3.8 (+0.01/-0.02) Ga

760 (+200) Ma

3.9 (+0.02/-0.03) Ga

Minimum age limit 100 (+40) Ma 2.1 (x0.7) Ma 300 (+100) Ma
Enterprise system: 3.7 (+0.03/-0.04) Ga 2.1 (+0.7) Ga 3.8 (+0.05/-0.08) Ga
Maximum age 3.8 (0.007) Ga 3.1(30.3)Ga 3.85(%#0.1) Ga
(Rembrandt basin) (from Ferrari et al.,2015)
Minimum age 950 (+200) Ma 27 (7) Ma 2.0(+0.4) Ga

Thrust systems and craters have been dated using both Le Feuvre and Wieczorek Production function (LWPF) and
Neukum Production Function (NPF). For LWPF both porous and non-porous scaling law results have been reported,
although just the formers have been considered in this work (see text for more details).
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Activity along thrust systems all over Mercury has most likely ended at about 3.6-3.7 Ga
Dating thrust systems gave new clues to better understanding the thermal evolution of the planet
Tidal despinning and/or mantle convection may have contributed to Mercury evolution
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