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Abstract The smooth plains on the floor of Mercury’s Caloris basin and those almost entirely surrounding
it beyond its rim are usually accepted to be younger than the rim materials and to be lava flows rather than
impact melt. High-resolution imaging shows that the emplacement of interior and exterior plains was
concurrent, with evidence of both inward and outward flow while they were being emplaced. The Caloris rim
is breached in two places by continuous smooth plains that seamlessly connect interior and exterior plains.
The gross-scale spectral and compositional distinctiveness of interior and exterior plains is blurred on a
scale of several tens of kilometers, which could reflect interfingering of flow units less than a few hundred
kilometers long that tapped melt sources of different composition and/or depth inside and outside the basin
followed by local mixing of regolith. Flows occurring both inside and outside the basin should be included in
estimates of the total erupted volume.

Plain Language Summary The “smooth plains” interpreted to be lava flows inside and outside
Mercury’s Caloris basin have different color and different composition when viewed on broad scale.
However, study of the highest-resolution images from NASA’s MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) mission reveals places where there is a continuous lava surface
between the interior and exterior plains and a gradual, not sharp, color change. There are also places where
exterior plains lava has cascaded over the basin rim toward the basin floor and others where the interior
plains seem to flood outward against or over the rim. It seems that interior and exterior plains were made by
flood volcanism occurring during an overlapping time period. The lack of a sharp color boundary between
the interior and exterior plains is evidence of multiple individual flow units that were less than a few hundred
kilometers in length.

1. Introduction

Mercury’s largest well-preserved impact basin is 1550 km in diameter (Figure 1). It has no formal name but is
usually referred to as “the Caloris basin,” taking this appellation from Caloris Planitia, which is the
International Astronomical Union-approved name of the “smooth plains” that cover the basin floor, and
the eastern part of its rim that is mapped as Caloris Montes. On a gross scale, the plains are spectrally
[Denevi et al., 2009; Izenberg et al., 2014; Ernst et al., 2015; Murchie et al., 2008, 2015] and compositionally
[Weider et al., 2015] distinct from the plains outside the basin, though the effective spatial resolution of even
the best X-ray spectroscopy [Weider et al., 2015] in this region is of the order of 100 km.

For clarity in what follows, we refer to the plains units inside and surrounding the basin as “interior plains” and
“exterior plains,” respectively, while recognizing that both can be legitimately described and mapped as
smooth plains. In agreement with most other authors of the MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) era, we accept that these were emplaced largely by effusive
volcanism prior to about 3.5 Ga [Head et al., 2009; Denevi et al., 2013; Ernst et al., 2015; Murchie et al., 2015;
Byrne et al., 2016]. The vents or fissures through which these were erupted are not identifiable.

Based on the density of superposed craters, most simply N(10) and N(20) values (the number of craters whose
diameters exceed 10 and 20 km per million square kilometers), Caloris rim terrain is resolvably older than the
interior and exterior plains [Fassett et al., 2009], both of which embay the rim. We accept this as evidence that
neither of these plains units can be impact melt nor ejecta from the basin-forming event.

The use of crater counting to determine the relative ages of the interior and exterior plains has proven
intractable, despite claims that the exterior plains are slightly the younger of the two [Murray et al.,
1975; Strom et al., 2008; Fassett et al., 2009]. This is because the standard errors on the counts overlap,
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whether expressed asN(10) andN(20) [Fassett et al., 2009;Denevi et al., 2013] or as model ages [Mancinelli
et al., 2016]. Apart from the usual uncertainties regarding the exclusion of secondary craters from the
count, relative dating of surfaces of similar age is further compromised because of possible differences
in target properties such as density, strength, and thickness [e.g.,Holsapple and Housen, 2007], in this
region likely present due to� ow thickness, buried impact melt thickness, and basement fracturing, which
could all differ between the interior and exterior of the basin.

Here we adopt an alternative approach toward determining the relationship between interior and exterior
plains, by looking for volcanological and morphological evidence in the highest-resolution images
returned by MESSENGER [Chabot et al., 2016], which orbited Mercury 2011–2015 [McNutt et al., 2014;
Rothery, 2015]. These are Mercury Dual Imaging System (MDIS) narrow-angle camera (NAC) images
[Hawkins et al., 2007]. We examined MDIS panchromatic global mosaics at 250 and 166 mpp (meters per
pixel) supplemented by an enhanced color (see section 5) wide-angle camera (WAC) mosaic at 665 mpp
and a standard three-band color mosaic at 333 mpp, to identify the critical locations where the Caloris
rim is breached such that interior and exterior plains are in contact. We then searched for and selected
the highest-resolution NAC images within each critical location, typically ranging from 14 mpp to
110 mpp. We then interpreted these from a primarily volcanological perspective. In doing so, we set aside
any constraint to distinguish� ow units that are conventionally mapped as likely impact melt, to see if we
could construct a volcanological story consistent with the crater counting that indicates that the� ow units
are younger than the rim [Fassett et al., 2009].

We examined topography according to a 665 mpp global digital elevation model derived by stereo imaging
[Becker et al., 2016] (Figure 2), mindful that the long-wavelength topographic undulations [Oberst et al., 2010;
Zuber et al., 2012;Byrne et al., 2014] (and possibly also more local effects) make the directions of regional and
some low-gradient local slopes untrustworthy as a guide to the situation during� ow emplacement.
Undulations trending east-west across Caloris can be seen in Figure 2.
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ULXPs, the known examples of which are M82� X-2
(Bachetti et al.2014), NGC � 7793� P13 (Fürst et al. 2016; Israel
et al. 2017b), NGC � 300� ULX1 (also SN 2010 da, Carpano
et al.2018), and NGC � 5907� ULX-1 (Israel et al.2017a), vary
between bright pulsing states during which the luminosity can
reach 1041erg sŠ1—several orders of magnitude above the
Eddington limit of a typical neutron star—and faint states when
the luminosity drops to 1037–38erg sŠ1 (Kaaret et al.2017).
Similar to SMC� X-1 � (Inam et al.2010), these sources exhibit
pulsations with periods on the order of one second and spin-up
rates of �� � � � � � �� � � …P 10 10 s s11 9 1, with the exception of
NGC � 300� ULX1, which has a much longer pulse period of
32 s and a faster spin-up rate on the order of 10Š7 s sŠ1.

A given ULXP may not exhibit detectable pulsations at all
times, and when they are detected, the fraction of their� ux that
is pulsed is variable. Pulse transience has been attributed to the
propeller effect in which rotation of the neutron star’s
magnetosphere halts accretion by� inging accreting material
out of the system before it can reach the corotation radius
(Illarionov & Sunyaev 1975). In contrast to the� ux variability
of SMC � X-1 which occurs quasi-periodically with a continuous
transition between high and low states, the propeller effect is
associated with changes of more than a factor of 40 in
luminosity on shorter timescales, which results in a bimodal
� ux distribution in ULXPs (Tsygankov et al.2016). In terms of
pulse fraction, this bimodality corresponds to distinct pulsed
and nonpulsed states. However, continuous variability in pulse
fraction has also been observed in ULXPs. In particular, the
pulse fraction of M82� X-2 was shown to gradually increase
from 8% to 23% in the 10 –30 keV range over an interval of
around 10 days(Bachetti et al.2014).

Periodic variability on timescales of 60–80 days has also
been measured for the ULXPs NGC 7793 P13, NGC 5907
ULX-1, and M82 X-2 (Motch et al.2014; Walton et al.2016;
Brightman et al.2019, respectively). While the� 64 day period
observed in NGC � 7793,� P13 has been attributed to the orbital
motion of the binary(Fürst et al. 2018), this variability has
been classi� ed as super-orbital in the case of M82 X-2. It is still
uncertain whether the 78 day period observed in NGC 5907
ULX-1 is orbital or super-orbital in nature. Given that SMC� X-1
displays super-orbital modulations on similar timescales, as well
as its persistent near- to super-Eddington luminosity and variable
pulsations, SMC� X-1 may provide a link between ULXPs and
classes of X-ray binaries, which have been studied in more
detail.

In this paper, we present timing and spectral analyses of two
observations of SMC� X-1. In Section 2, we describe the
observations of SMC� X-1 and our data reduction methods,
including data extraction and corrections. In Section3, we
describe the methods and results of our timing analysis, and, in
Section4, we describe the spectral analysis of SMC� X-1. In
Section5, we discuss the results of our analyses and offer a
physical interpretation. Finally, in Section6, we list our
conclusions and discuss possible applications of our analysis to
studies of ULXPs.

2. Observations and Data Reduction

SMC � X-1 was observed twice by theNuclear Spectroscopic
Telescope Array ( NuSTAR ) (Harrison et al.2013) in 2012, in
the � rst two months after the launch of the satellite for the
purpose of calibration.NuSTAR consists of two focal plane
modules, FPMA and FPMB, each of which is made up of four

pixelated detectors(DET0-DET3 ). Each module has a� eld of
view of about 12 arcmin, and, combined with focusing optics at
a focal length of 10m, achieves an angular resolution of
18 arcsec, full width at half maximum(FWHM ). The energy
resolution, given by the FWHM, is 400 eV at 10 keV and
900 eV at 68 keV, and the full energy range is 3–79 keV. The
timing resolution of the onboard clock is 2� s with a dead time
of 2.5ms, leading to a maximum count rate of around
400 events sŠ1.
The � rst observation took place on 2012 July 5(OBSID

10002013001) and the second took place on 2012 August 6
(OBSID 10002013003) with exposure times of 27 ks and 15 ks,
respectively. Figure1 shows the light curve of the source as
observed by theNeil Gehrels Swift Observatory Burst Alert
Telescope (BAT ) during a 250 day interval bracketing the
NuSTAR observations in 2012. The super-orbital period of
around 60 days is clearly visible, and the red bars show the
location and duration of each observation in the super-orbital
cycle. The � rst NuSTAR observation occurred at the end of the
low state, when the luminosity was just beginning to rise, while
the second observation occurred near the end of the high state,
when the source was growing fainter. The observations were
planned such that they avoided obscuration effects due to the
donor star.
We reduced the data using version 1.8.0 of the NuSTAR-

DAS pipeline andNuSTAR CALDB v20170817. We used DS9
(Joye & Mandel 2003) to select a circular source region with
radius 55 arcsec centered on the position of the source
determined by automatic centroid detection. We also selected
a circular background region with radius 80 arcsec located on
the same detector as the source, taking care to choose a region
free of other sources and outside the source distribution. We
corrected the photon arrival times to the solar system
barycenter using the position of the source used for data
extraction. Before analysis, the photon arrival times were also
corrected for the orbital motion of the source using parameters
reported by Falanga et al.(2015) and Inam et al.(2010).
We de� ne three epochs of observation, labeled Epochs I, II,

and III. The NuSTAR light curve for each observation is shown
in Figure2. Epoch I is de� ned as the� rst 40 ks (13 ks of
exposure time) of observation 10002013001, while the latter
half(14 ks of exposure) of observation 10002013001 makes up
Epoch II. The whole of observation 10002013003 makes up
Epoch III, which has an exposure time of 15 ks. During
observation 10002013001, the source was positioned on DET0,
while the source was positioned on DET3 near the gap between
DET3 and DET0 during observation 10002013003. Movement
of the source between the two detectors accounts for the
� 5000 s variability apparent in Figure2(b). The background
count rate did not vary signi� cantly between observations, and
for all three epochs, the background rate remained below 10%
of the total count rate for energies up to� 50 keV. To avoid
background contamination, we performed spectral analysis for
energies between 3 and 40 keV, resulting in 5.2� × � 104,
6.3� × � 104, and 6.3� × � 105 spectral counts(combined FPMA
and FPMB) for Epochs I, II, and III, respectively. For the
purpose of spectral analysis, we binned the data such that there
are at least 50 counts in each energy bin in Epoch I and Epoch
II, and at least 100 counts in each energy bin in Epoch III. We
chose to bin Epoch III with more events per bin due to the
signi� cantly higher count rate during that epoch.
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