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Evolution of the Rembrandt Impact
Basin on Mercury
Thomas R. Watters,1* James W. Head,2 Sean C. Solomon,3 Mark S. Robinson,4
Clark R. Chapman,5 Brett W. Denevi,4 Caleb I. Fassett,2 Scott L. Murchie,6 Robert G. Strom7

MESSENGER’s second Mercury flyby revealed a ~715-kilometer-diameter impact basin, the
second-largest well-preserved basin-scale impact structure known on the planet. The Rembrandt
basin is comparable in age to the Caloris basin, is partially flooded by volcanic plains, and displays
a unique wheel-and-spoke–like pattern of basin-radial and basin-concentric wrinkle ridges and
graben. Stratigraphic relations indicate a multistaged infilling and deformational history involving
successive or overlapping phases of contractional and extensional deformation. The youngest
deformation of the basin involved the formation of a ~1000-kilometer-long lobate scarp, a product
of the global cooling and contraction of Mercury.

Impact basins, generally in excess of several
hundred kilometers in diameter, are among
the most important landforms created early in

planetary history (1). Because of their typically
ancient ages, most basins have been modified
and filled with volcanic plains, which obscure their
initial state and early evolution. A few basins, such
as Orientale on the Moon, remain largely unfilled
and provide substantial insight into basin forma-
tion and early modification (2, 3). During its
second flyby of Mercury in October 2008, the
MESSENGER spacecraft imaged ~30% of the
planet not previously seen by spacecraft. These
images revealed a relatively unmodified basin
centered near 33°S, 88°E (Fig. 1A). The interior
of the basin, recently named Rembrandt, differs
considerably from that of the well-preserved and
larger Caloris basin, imaged by Mariner 10 (4, 5)
and during MESSENGER’s first Mercury en-
counter (6–11). The Caloris basin contains sub-
stantial infill by plains of volcanic origin that cover
its entire floor. On the basis of MESSENGER ob-
servations, we here assess the characteristics of the
Rembrandt basin and their geological implications.

The Rembrandt basin (Fig. 1A) has a topo-
graphically distinct main rim crest made up of
rugged, high-relief, inward-facing scarps and
massifs. At ~715 km, its mean rim crest diam-
eter is larger than the intermediate-scale, partly
filled impact basins Beethoven (~625 km) and
Tolstoj (~510 km) (5) and about half the size
of the largest known basin, Caloris (>1500 km)
(7, 8). Numerous large impact craters are super-
posed on the rim of the basin (Fig. 1A). The
number of craters ≥20 km in diameter per mil-
lion square kilometers is not distinguishable
from that for the rim of the Caloris basin [see
supporting online material (SOM), figs. S1 to
S3]. The crater size-frequency distribution (SFD)
for the Rembrandt basin rim (Fig. 1B) is also
similar to that for the Caloris basin rim (11). These
results suggest that Rembrandt, like Caloris, is
one of the youngest basins on Mercury, younger
than Tolstoj and Beethoven, yet sufficiently old
to show the pattern of fewer small-diameter
craters relative to large-diameter craters that is
characteristic of terrains formed before the end
of the late heavy bombardment of the inner so-
lar system (~3.9 billion years ago) (12).

Exterior to the basin rim crest are blocky and
radially lineated ejecta deposits, well preserved
to the north and northeast of the basin rim, re-
spectively (Fig. 1, A and C). These deposits are
comparable to the annuli of radially textured
ejecta outside the rims of the Caloris basin (5, 11)
and the lunar Orientale basin (2, 3). Basin inte-
rior units include a hummocky unit and a smooth
plains unit. The hummocky unit extends inward
from the basin rim by up to ~130 km (Fig. 1D)
and is distinguished by knobs that rise up to hun-

dreds of meters (from shadow measurements)
above patches of rolling hills near the basin
margin (Fig. 1C). This unit forms a discontin-
uous ring in the basin interior, confined to the
northern margin. Two large, angular blocks or
massifs on the southern edge of the hummocky
unit have a maximum relief of >1.5 km (Fig.
1D). The inner edge of the hummocky unit and
the massifs may mark the remnants of a ringlike
structure with a diameter of ~450 km (Figs. 1 and
2). The hummocky and domical morphology of
the unit and its position just inside the basin rim
are similar to those of the Montes Rook For-
mation in Orientale, interpreted to have been
formed by collapse and inward translation of the
transient cavity rim and modification of radially
textured rim deposits into domical blocks (2, 3).
This interpretation is supported by remnant ra-
dial crater-chain–like structures (Fig. 1D), sim-
ilar to occurrences in Orientale, and suggests that
the inner edge and massifs of this unit delineate
the remnant of the transient cavity rim (2).

Smooth plains constitute the most areally
extensive unit in the Rembrandt basin; occupy
much of the basin interior; and extend to the
southern, eastern, and parts of the western rim
(Fig. 2A). In the lunar Orientale basin, non-mare
smooth and rough plains inside the transient
cavity are interpreted to be impact melt (1–3).
On the basis of laboratory experiments and the-
oretical scaling arguments, the volume of impact
melt formed in basins is predicted to increase
with basin size and perhaps even to fill entirely
the basin interior at the largest diameters (13). If
the regional plains are impact melt, they would
have been emplaced in the immediate aftermath
of basin formation and collapse, before forma-
tion of any subsequent major impact craters, as
has been documented for the lunar Orientale
basin (14). Furthermore, they should have spec-
tral characteristics appropriate for a physical
mixture of the target materials.

Broadly distributed spectral units on Mercu-
ry identified from global principal component
analysis and spectral ratios of MESSENGER’s
11-color wide-angle camera (WAC) images in-
clude low-reflectance material (LRM), spectrally
intermediate terrain, and three types of smooth
plains: (i) high-reflectance red plains (HRP), (ii)
intermediate plains, and (iii) low-reflectance blue
plains (LBP) (10, 15). Comparison of color data
between the Rembrandt basin and other regions
of the planet is complicated by the area’s near-
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terminator lighting and oblique viewing geometry
during the flyby. Relative color and reflectance
differences across the basin region show that
ejecta and interior hummocky units of Rembrandt
are lower in reflectance than the interior smooth

plains (Fig. 3) and broadly similar spectrally to
LRM and LBP. The high relative reflectance of
the interior plains is analogous to that of HRP,
interpreted to be of volcanic origin (10, 15). More-
over, the exterior ejecta of several major craters

in the interior smooth plains have been embayed
by plains units (Fig. 2B), and there is evidence
of breached rims and interior crater infilling by
smooth plains (Fig. 2A), suggesting a prolonged
period of plains formation. The distinct spectral

Fig. 1. The Rembrandt basin. (A) NAC
mosaic (24) combining images obtained
during MESSENGER’s first and second
flybys, including frames EN0108828198M,
EN0108828203M, EN0108828250M,
EN0108828255M, EN0108828302M,
EN0108828307M, EN0131766380M,
EN0131766396M, EN0131766401M,
EN0131766417M, and EN0131766422M.
White boxes outline areas shown in (C) and
(D). (B) Impact crater SFD for the Rembrandt
basin rim compared with that for the Caloris
rim. This plot is an R plot (see SOM), a ver-
sion of the differential crater SFD (12). Er-
rors shown are inversely proportional to
the square root of the number of craters in
each crater-diameter interval. (C) Blocky ter-
rain on the basin rim interpreted to be ejecta
deposits. Image taken from NAC frame
EN0131766417M. (D) Hummocky terrain in
the basin interior made up of isolated knobs,
interpreted to be ejecta deposits modified
by basin collapse. Image taken from NAC
frame EN0131766417M.

A B

Fig. 2. Smooth plains in the Rembrandt basin. (A) The central portion of Rembrandt has been
infilled by volcanic smooth plains. A narrow band of smooth plains (white arrows) embays hum-
mocky material near the northern rim. White boxes outline the areas shown in (B) and (C). The
mosaic consists of NAC frames EN0131766396M, EN0131766401M, and EN0131766417M. (B)
The walls and floor of this ~60-km-diameter impact crater, which predates the emplacement of

some of the volcanic plains, are cross-cut and offset by a lobate scarp. Image taken from NAC frame EN0131766396M. (C) This ~44-km-diameter impact crater
postdates the emplacement of the smooth plains. Image taken from NAC frame EN0131766401M.
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characteristics of the interior plains, the embay-
ment relations between interior plains material
and the interior hummocky deposits, and the
embayed and partially flooded impact craters,
all similar to relations seen in the Caloris basin
interior (7–9), support a volcanic origin for the
smooth plains material in the Rembrandt basin.

The thickness of volcanic fill in the Rem-
brandt basin varies greatly. Along the northern
interior, the hummocky deposit is embayed but
not completely buried (Fig. 1C), suggesting a
relatively thin sequence of volcanic plains in this
area. Near the basin center, a ~44-km-diameter
crater superposed on the smooth plains (Fig. 2, A
and C, and Fig. 3) exhibits predominantly plains-
like spectral material in its rim and ejecta, indi-
cating that the underlying crust and basin material
were not excavated and exposed (Figs. 2C and 3).
Given a depth of excavation for complex craters of
~5% of the crater diameter, a lower bound on the
thickness of the volcanic plains is ~2 km near
the center of the basin, a thickness similar to
that interpreted in the center of Caloris (8) and
some lunar basins (16). The Rembrandt basin thus
represents a stage of filling by presumably vol-
canic plains that is intermediate between those of
the largely unfilled lunar Orientale basin, where
mare basalts are patchy and considerably less
than 1 km thick (2), and the Caloris and lunar
Imbrium basins, where basin-interior ring struc-
tures and impact melt deposits are almost com-
pletely buried by volcanic infill (1, 3, 7–10).

The tectonic features in the Rembrandt basin
show evidence for both basin-localized and global-
scale deformation. Extensional troughs and wrin-
kle ridges are confined to the spectrally distinct,
volcanic plains. Wrinkle ridges with orientations
that are both basin-radial and basin-concentric are
common (Figs. 2A and 4A) and are interpreted to
be contractional features resulting from a combi-
nation of folding and thrust faulting (17–19).
Basin-concentric wrinkle ridges form an almost
complete ~375-km-diameter ring in the interior.
This second ringlike structure is ~50 to 60 km
inside the hummocky unit and massifs (Fig. 2A).
Basin-radial wrinkle ridges occur both interior
and exterior to this ring, although most of them
are inside (Fig. 4, B and C). Their widths vary
greatly (<1 to 10 km), and the longest ridges (one
over 180 km) (Fig. 4C) form the interior ring.
Basin-concentric and basin-radial wrinkle ridges
are also found in Caloris (7, 8) and in lunar maria
(e.g., Imbrium, Serenitatis, Crisium) (16–18). In
lunar maria, however, basin-concentric wrinkle
ridges generally occur in the basin interior and
basin-radial wrinkle ridges near the margins
(16, 20). In contrast, in the Rembrandt basin,
many basin-radial wrinkle ridges occur interior
to the concentric wrinkle ridges. The distinctive
ring of ridges in the basin may reflect deforma-
tion localized by a buried interior basin ring, as
is interpreted to be the case on the Moon (17).

The interior plains are cut by a series of lin-
ear and curvilinear troughs that also form a
basin-radial and basin-concentric pattern (Figs.
2A and 4A). Of these, the basin-radial troughs
are the most abundant and are located largely
interior to the ring of wrinkle ridges (Fig. 2A
and Fig. 4, B and C). Some of the radial troughs
are adjacent and parallel to basin-radial ridges
(Fig. 4, B and C). Unlike the radial troughs of
Pantheon Fossae in Caloris that extend outward

from a zone near the center of the basin (7, 8),
the radial graben of the Rembrandt basin are
confined to a zone that extends inward less than
~100 km from the interior ridge ring. Some
radial and concentric troughs in the basin form a
polygonal pattern near the outer margin of the
interior ridge ring (Fig. 4B), similar to the polyg-
onal pattern formed by troughs near the margin
of the Caloris basin (7, 8). From the similarity of
individual landforms as well as this similarity
in distribution, we interpret the troughs in the
Rembrandt basin to be graben, extensional fea-
tures consisting of opposite-facing normal faults.
Trough widths vary (<1 to ~3 km) but by a smaller
range than in Caloris. The spatial distribution
of these graben differs substantially from that
in lunar basins, where graben tend to occur near
the outer margins of the mare deposits or in ad-
jacent highlands (3, 16, 20). The basin-radial
graben and wrinkle ridges form a unique wheel-
spoke pattern of tectonic landforms.

Episodes of contractional and extensional
deformation in the basin are suggested by cross-
cutting relations among the tectonic features.
Radial and concentric graben cross-cut both
basin-concentric and basin-radial wrinkle ridges
(Fig. 4, B to D), indicating that much of the
contractional deformation of the smooth plains
preceded extensional deformation. This sequence
of tectonic events is similar to that observed in
Caloris (7, 8). However, evidence that some con-
centric and radial wrinkle ridges cross-cut graben
and older ridges indicates that the contraction
and extension were not separated temporally into
distinct deformational episodes (Fig. 4, B and
D). Later contraction, for instance, may have
been in response to a later stage of infilling by
volcanic material in the center of the basin, as
suggested by embayment relations between the
more heavily deformed smooth plains inward of
the ring of wrinkle ridges and the less deformed
smooth plains (those lacking radial graben) near
the basin center (Fig. 4B).

In parallel with scenarios invoked for the
Caloris basin (6–10), effusive volcanism at some
time after basin formation is inferred to have re-
sulted in a thick sequence of volcanic material
in the basin center. Loading by volcanic infill
induced subsidence and near-surface compres-
sional stresses that formed wrinkle ridges radial
and concentric to the basin center in the interior
smooth plains. Models of stresses in lunar mas-
con basins, however, predict a basin-radial pat-
tern of wrinkle ridges far from the basin center
(21). The formation of radial and concentric
graben in the interior of the Rembrandt basin
points to uplift of the basin floor and extension
that postdated or perhaps overlapped interior
loading. After uplift and extension of the basin
floor, a later episode of volcanic infilling sug-
gested by embayment relations in the basin center
(Fig. 4B) could have resulted in renewed sub-
sidence and contraction of the interior plains.
One possible mechanism for basin floor uplift is
inward flow of the lower crust driven by hori-

Fig. 3. Color composite of the spectral parame-
ters used to separate units on the basis of prin-
cipal component analysis of WAC 11-color images
(10, 15). The first principal component (PC1) em-
phasizes variations in reflectance, and the second
principal component (PC2) emphasizes spectral
variations related to the physical state or chemistry
of the material. The dominant variation represented
by PC2 is the slope of the spectral continuum. A
color composite in which PC2, PC1, and the 430-nm/
1000-nm reflectance ratio are shown in the red,
green, and blue image planes, respectively, is over-
laid on the NAC mosaic. White boxes show the
locations of exterior ejecta (Fig. 1C, upper box) and
interior ejecta and collapse deposits (Fig. 1D, lower
box). White arrows indicate the locations of impact
craters shown in Fig. 2B (left arrow) and Fig. 2C
(right arrow). The spectral character of the interior
plains (relatively high reflectance) differs from that
of the ejecta and hummocky deposits (relatively low
reflectance). The extreme incidence (>78°) and phase
(>130°) angles for WAC images of the Rembrandt
area (where the incidence angle is the angle between
the direction to the Sun and the surface normal, and
the phase angle is the angle between the solar in-
cidence direction and the camera boresight direc-
tion at the planet’s surface) complicate comparisons
with color units elsewhere on the planet. Image
taken from MDIS WAC approach color sequence
(EW0131764500C to EW0131764550A).
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zontal pressure gradients induced by differences
in elevation and crustal thickness (20). Alterna-
tively, loading by volcanic plains emplaced ex-
terior to the basin could have led to flexural
uplift of the basin interior (22, 23).

Global tectonic evolution also influenced the
region. The most recent event in the deformation
of the basin appears to have been the formation
of a cross-cutting lobate scarp, the longest yet
documented on Mercury (Figs. 1A, 2B, and 4A).
This lobate scarp, representative of a common
tectonic landform interpreted as the surface ex-
pression of a major thrust fault (4), cuts the rim
of the basin and extends nearly 400 km across
the basin floor, offsetting the smooth plains ma-
terial and the rims and floors of two ~60-km-
diameter impact craters. The orientation of this
northeast-southwest segment of the lobate scarp
is approximately tangential to the interior ring of
wrinkle ridges, suggesting that the buried interior
ring surmised to underlie the ridge ring may also
have influenced the thrust fault. The scarp ex-
tends for almost 600 km beyond the rim of the
basin, cutting intercrater plains and transecting
two other large impact craters. A second, shorter
lobate scarp lies west of the northernmost seg-
ment of the large scarp and deforms interior
smooth plains and hummocky material (Fig.

4A). Stresses produced by the global contraction
that accompanied cooling of the planetary in-
terior led to the formation of the lobate scarps
that cut the rim and interior units of the basin
and contributed to a stress regime less favorable
to extrusive volcanism (6).
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Fig. 4. (A) Map of tectonic features
in the basin, including wrinkle ridges
(blue), troughs or graben (black),
and lobate scarps (red) digitized
from and overlaid on a NAC mosaic.
(B) In this complex pattern of
wrinkle ridges and extensional
troughs, some concentric wrinkle
ridges are superposed on radial
wrinkle ridges and graben (black
arrows). Smooth plains material near
the basin center appears to embay
and partially bury plains cut by
graben (white arrows). NAC mosaic
includes frames EN0131766396M
and EN0131766401M. (C) A basin-
concentric wrinkle ridge, part of the
interior ring of ridges, appears to
be cross-cut by basin-radial gra-
ben (white arrows). NAC mosaic
includes frames EN0131766401M
and EN0131766417M. (D) A
basin-radial wrinkle ridge appears
to cross-cut a basin-radial graben
(white arrows). NAC mosaic includes frames EN0131766401M
and EN0108828250M.
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