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The first images of a Jupiter-family comet reveal
Borrelly’s nucleus to be extremely dark and elongate. The
8-km-long body is highly variegated on a scale of 200 m,
exhibiting large albedo variations (0.01 to 0.03) and
complex geologic relationships. Short-wavelength (1.3-2.6
µm) infrared spectra show a red-ward slope and a hot
(≤345K), dry (no trace of H2O ice or hydrated minerals)
surface consistent with ~10% or less of the surface
actively sublimating. Borrelly’s coma exhibits two types of
dust features: fans and highly collimated jets. At
encounter the near-nucleus coma was dominated by a
prominent dust jet that resolved into at least 3 smaller jets
emanating from a broad basin in the middle of the
nucleus. Because the major dust jet remained fixed in
orientation, it is evidently aligned near the nucleus’
rotation axis.

Comets are thought to be frozen records of the ancient
primordial material from which the planets formed four and a
half billion years ago. They delivered some of the inventory
of water and organic material to early Earth that enabled life
to emerge. Their significance to the origin and evolution of
our solar system and their potential role in the biological
world has moved them to high priority for close-up scientific
examination. Enabled by modern technology, space-faring
nations now have a number of projects underway to send
probes to explore and sample comets over the next decade.

Comets 1P/Halley and 19P/Borrelly are now the only
comets whose nuclei have been imaged close-up by
spacecraft (1). Halley is an intermediate period comet that is
believed to be compositionally representative of distant long-
period comets in the Oort cloud (2). By contrast, Borrelly is a
member of the short-period Jupiter-family comets, which are
believed to have formed in the Kuiper Belt (2). They
constitute about 15% of known comets. Most comets appear
to be surprisingly uniform in gas composition; they are rich in
water and have lesser amounts of CO, CO2, and other
volatiles. However, relative to Halley and long-period
comets, many of the Jupiter-family comets, including
Borrelly, appear to be significantly depleted in carbon-chain

molecules (C2 and C3 and longer-chain hydrocarbons) (3).
This difference is thought to reflect compositionally distinct
regions where comets formed. The Borrelly observations
discussed here represent our first view of a Jupiter-family
comet nucleus and significantly broaden our understanding of
what comets are like.

The NASA-JPL Deep Space 1 Mission (DS1) is the first
ion-propulsion spacecraft ever flown in deep space. Launched
in October of 1998, DS1 spent two years proving out a
variety of advanced spacecraft technologies as part of
NASA’s New Millennium Program (4). Subsequently its
focus was turned on the scientific exploration of Comet
Borrelly (5). On September 22, 2001, DS1 passed 2171 ± 10
km from the comet’s nucleus on the sunward side at a relative
speed of 16.5 km/s. This report describes scientific findings
from the advanced-technology instrument, Miniature
Integrated Camera and Spectrometer [MICAS (6–8)] that
collected visible-wavelength images and short-wavelength
infrared spectra.

Borrelly has an orbital period of 6.86 years, a perihelion
distance of 1.358 A.U., and an orbital inclination of 30.3° (9,
10). The DS1 flyby occurred only 8 days after Borrelly’s
perihelion passage. During the DS1 approach, the view of the
comet was in the direction of ecliptic south as it rose in its
inclined orbit toward the spacecraft (Fig. 1). During the last
~90 minutes before closest approach when the nucleus and
details of the coma and dust jets were resolved, 25 visible-
wavelength images and 45 short-wavelength infrared spectra
(1.3-2.6 µm) were collected with MICAS. The images cover
solar phase angles from 88° to 52° and provide stereoscopic
coverage of the coma, jets, and nucleus. For all images of the
comet shown in this article, the sunlight comes from the left
of the frame.

Nucleus topography and morphology. We have
determined the size and shape and mapped the morphological
surface features of the nucleus of Borrelly from high-
resolution (47-to-58 m/pixel) images (Figs. 1 to 3). The
elongate nucleus is 8 km long, in good agreement with the
Hubble Space Telescope estimate (11). The Borrelly nucleus
is highly variegated in its terrains and morphological features.
The nucleus can be divided into two terrain units: smooth and
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mottled terrain. No fresh impact craters down to ~200-m
diameter are evident, which indicates a young and active
surface. A number of rounded depressions are visible, but it is
difficult to unambiguously identify any of them as impact
craters. Images of this quality and scale so far acquired of any
minor satellite or asteroid show ample impact craters.
Rounded depressions are most abundant in the mottled
terrain, but these all have similar diameters, indicating that
they may be the product of surface desiccation and collapse.

The smooth terrain occupies the broad basin that
dominates the central part of the comet and is found on the
small sunward end of the elongate nucleus (Figs. 4 and 5).
Compared to the mottled terrain, the smooth terrain shows a
higher average albedo (~0.03) and is smoother than average
at the 50-m resolution limit. Several mesa-like features,
which may be associated with the active jets, are within this
terrain unit.

The mottled terrain, which consists of areas that are rough
at ~200-m scale, exhibits irregular pits, bumps, troughs, and
ridges. The textures could arise as ice sublimates leaving piles
of rubble. This unit is generally darker than average, shows
strong albedo variation, and appears to be largely inactive
(not associated with sources of gas and dust). The mottled
terrain may represent older surface lag.

Within the mottled terrain at the larger end of the elongate
object, there are streaks that radiate from the boundary with
the smooth terrain. These may be structural in nature or may
represent overlaying mantles caused by the transport of dust
by the jets. In the narrowest part of the comet, a complex set
of sub-parallel ridges and fractures is oriented normal to the
long axis of the comet. The small end of the comet (that part
beyond the necked-down, densely fractured corridor) is
canted about 15-20º relative to the flat region containing the
smooth terrain. Perhaps Borrelly’s nucleus has been subject
to complex compressional and/or extensional stresses that
were produced during the comet’s orbit or by gravitational
interactions with planets, principally Jupiter. Alternatively,
the fracturing could date from Borrelly’s early collisional
history in the Kuiper Belt (12). Conceivably, the shape of and
structures in the nucleus evidence its formation by
coalescence of multiple bodies (13).

Photometry and spectroscopy of the nucleus. DS1
MICAS CCD images show that the surface of Borrelly’s
nucleus is covered by dark material having an average
geometric albedo of only 0.03 ± 0.005 with darker spots
ranging down to ~0.01. The disk-integrated solar phase curve
(Fig. 6) was generated from a combination of DS1 images
(solar phase angle 52°-88°) and published estimates for the
bare nucleus at smaller solar phase angles (11, 14). The
intensity of the coma was subtracted from each DS1 image.
The phase curve is very similar to that of the dark C-type
asteroid 253 Mathilde encountered by the NEAR spacecraft
in 1997 (15, 16).

Several of the darkest spots on the nucleus represent true
albedo variations rather than simply being due to shadowing.
Dark spots just inside the terminator show a very weak
change with phase, characteristic of the coma. The dark spots
centered in the illuminated small end of the nucleus, however,
vary in brightness with solar phase angle in the same way as
adjacent brighter areas. These spots are ~45° from the sub-
solar point based on our topographic model. We conclude that
the range of albedo from darkest spots to brightest patches is
about a factor of 3 and the albedo ranges from ~0.01 to
~0.035. The darkest albedo spots could be compositionally

different materials or have different particle size and
compaction effects.

The generally accepted value for the albedo of cometary
nuclei that is used in most comet studies is ~0.04, although
lower estimates have been reported (17, 18). Our range of low
albedo for Borrelly was validated through calibration with
MICAS observations of Mars and Jupiter. These lower
albedos are comparable to those of a number of objects in the
outer solar system, including several C-type asteroids (0.02-
0.03) (19); the rings of Uranus (~0.03) (20); and the dark side
of Saturn’s moon Iapetus that ranges down to ~0.01 (21).

The MICAS instrument includes a short-wavelength
infrared imaging spectrometer (SWIR) that operates from 1.3-
2.6 µm and collects 0.007-µm spectral samples (6). This
channel maps a target with 256 54-mrad fields-of-view
arranged along the spectrometer slit. Just before closest
approach (–157 s, range 2910 km, phase angle 41°) a long
exposure (28 s) observation was initiated with the hope of
capturing the nucleus in the SWIR channel by sweeping the
slit across the best-predicted position for the nucleus. This
yielded SWIR spectra for 45 swaths across the nucleus. Each
swath was oriented with its long axis across the short
dimension of the nucleus in the sunward direction and with its
width of ~165 m along the length of the nucleus (Fig. 7).

The nucleus reflectance spectrum has a strong slope
toward the red. A single absorption feature is consistently
visible in all 45 spectra at ~2.39 µm and is about 0.02 µm
wide. The origin of the absorption feature is not known,
however, various hydrocarbons, such as polyoxymethylene
(22–24), suggested as compositional candidates for cometary
nuclei, exhibit absorption features in this region.

At Borrelly’s distance from the sun at the time of the
encounter, the equilibrium temperature of a non-rotating body
with an albedo of 0.03 and an emissivity of 0.9 would be
~345K. Even though the peak emission for this temperature is
near 8 µm, the blue end of the Planck function extends well
into the MICAS spectral range between 2 and 2.5 µm,
allowing temperature fits to the spectral swaths across the
nucleus (Fig. 7). The high temperatures, which range
continuously from 300K-345K, are consistent with the lack of
any trace of H2O ice bands (or hydrated minerals) in the
spectra. The lack of water ice is also consistent with the
strong slope toward the red. Many solar system objects that
are reddish in visible wavelengths do not show strong red
slopes in the SWIR due to the presence of water (24). The
lack of water ice and the high average temperatures are also
consistent with estimates that only ~10% or less of the
nucleus surface is actively sublimating to generate the
observed OH production rate (a photodissociation product of
water) and dust concentration (11). We note that because the
footprint of each spectrum is a swath running from sun-facing
limb to the opposite terminator, the hot dry regions dominate
the spectrum and cold regions expected for actively
sublimating ice (~200K) will be masked.

Near-nucleus coma and dust jets. Borrelly has
historically exhibited a strong sunward asymmetry in its coma
over the ~100 years and 13 apparitions in which it has been
observed. This manifests itself as an elongation of the coma
toward the sun. Contrasting the view from Earth, the DS1
view during approach was downward toward the ecliptic
south pole as the comet rose in its inclined orbit toward the
spacecraft (Fig. 1). During approach, the sunward asymmetry
of the coma was resolved to a narrow dust beam only a few
kilometers in width at its base where it emanated from the
broad central basin on the nucleus (Fig. 8). This jet-like dust
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feature, which we call the α jet, was canted about 30° from
the direct sun line. In the DS1 images, it extends out to a
range of ~100 km where its brightness falls below the
detection limit in the images (~10–6 the brightness of a 100%
reflecting surface).

High-resolution views show that the main features in
Borrelly’s near-nucleus coma fall into two classes, collimated
jets and fans—also observed at Comet Halley (1, 25). By
creating a movie of the 7 best images, we have been able to
discern and separate two sets of collimated dust jets. The α
jet (Fig. 8A) is aligned at the core of the main jet seen for
several weeks during the approach. The β jet is one of several
roughly parallel smaller collimated jets contained in the main
jet but offset in the images ~15° from the direction of the α
jet (Fig. 8B). The fan-shaped feature, second in brightness
only to the main jet, is seen in both images and is centered on
the sun line originating from a spatially extended source
across the small, smooth end of the nucleus.

Each collimated jet has a cylindrical core 200-400 m in
radius that is 4-6 km in length with a spacing between jets
typically of ~1 km. Bright hemispheric-shaped isophotes are
visible at the bases of the β jets, particularly when they are
well resolved and their sources are near the limb. Two of the
β jets are traceable to surface sources that appear as dark
(possibly depressed) patches in or adjacent to the bright
smooth terrain. This simple extrapolation may, however, not
be appropriate in this complex region of dusty gas flow.

Whereas the dust fan is centered roughly on the sun line,
the collimated jets have sufficiently discrete directions that
their 3-D orientations can be determined. The angle of each
jet was measured relative to the image field-of-view. These
angles changed as the spacecraft turned and rotated as it flew
past the comet. From best-fit solutions, the α jet (the core of
the main jet) is estimated to have been ~30° forward of the
sun line (prograde sense) and about 10° above the ecliptic
(right ascension 218.5° ± 3° and declination −12.5° ± 3°). The
best-imaged β jet (Fig. 5b) was offset from the α jet by ~35°
(right ascension 240° ± 5° and declination 15° ± 5°).

A model of dust carried from the nucleus by radially
expanding gas would have a dust abundance that would fall
off as 1/r2, where r is the distance from the source (so long as
the dust properties, for example particle size, are
unchanging). In projection, this would produce a 1/r falloff in
brightness in the image. Diffuse regions of the near-nucleus
coma (the fan radiating from the sun-facing end and gaps
between collimated jets and regions of the coma extending
toward the night side) all exhibit this characteristic 1/r profile.

By contrast, the highly collimated jets exhibit a much
slower falloff in brightness than 1/r out to a range of ~ 5 km;
the β jet of Fig. 8 departing markedly from a simple 1/r
behavior. This jet retains roughly constant brightness out to
~5 km, after which it falls off in the conventional 1/r
behavior. Various workers have considered fragmentation of
coarse particles in modeling dust-gas interaction in cometary
jets (26). We interpret the behavior of the narrow collimated
jets to indicate that they contain relatively coarse (order of 10
µm) icy dust particles that, once accelerated, travel
ballistically in a narrow beam, undeflected by expanding gas.
These particles soon fragment by sublimation. The time-of-
flight through the visible core of the α jet is probably of the
order of 10 s (assuming a typical gas-dust speed of 0.4 km s–

1). We estimate the sublimation lifetime of a 10-µm particle is
roughly the same depending on the ice/dust mass fraction. In
this picture, the coarse particles sublimate and fragment,
dispersing into a cloud of very fine dust particles.

Borrelly’s main jet was observed for several weeks before
encounter. Images acquired 11 and 34 hours before encounter
have sufficiently high resolution to show the direction of the
main jet to be within ±5° of that observed at encounter. The
main jet was thus observed to be stationary for more than the
observed nucleus rotation period of 26 hours (27). We
conclude that the main jet is nearly aligned with the rotation
axis of the nucleus. This places the sub-solar latitude at ~60°
N latitude and the pole in constant sunlight during perihelion
passage. This direction for the pole is consistent with the
stable rotation of the nucleus around its short axis. Non-
gravitational forces arising from the nearly on-axis main jet
would have a minimal effect on this stable rotational state.
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Fig. 1. Flyby geometry. Highest-resolution images were
acquired during the last 10,000 km (or about 10 minutes)
before closest approach (C/A) as Borrelly rose in its inclined
orbit toward the spacecraft. The DS1 trajectory was nearly in
the plane of the ecliptic.

Fig. 2. Nucleus anaglyph made from two images with a
convergence angle of 8°, acquired at ranges of 4390 and 3560
km with resolutions of 58 and 47 m/pixel and phase angles of
59.6° and 51.6°.

Fig. 3. Highest-resolution stereo pair. Although the
convergence angle between the two is only 4.4°, this pair best
shows the smallest detail visible on the nucleus (ranges 3960
and 3560 km with resolutions of 52 and 47 m/pixel and phase
angles of 56.0° and 51.6°).

Fig. 4. Three-dimensional model of Borrelly’s nucleus made
from stereogrammetric analysis. Left is a map of range from
the spacecraft to the surface for the highest resolution image
(left image in Fig. 3). Right side is a perspective view in the
direction shown elevated 45° out-of-plane. Colors: 200-m
range contours.

Fig. 5. Sketch map of morphological units and features.

Fig. 6. Disk-integrated solar phase curve for Borrelly’s
nucleus. DS1 MICAS observations have been combined with
Earth-based observations (11, 14) and fitted with the phase
dependence observed for Mathilde. Visual magnitudes have
been reduced to a range of 1 A.U. for both sun and observer.

Fig. 7. Short-wavelength infrared spectra of the nucleus
showing a 2.39-µm absorption feature. Spectra are
normalized at 2.359 µm and incrementally offset from one
another by 0.02. Central void results from instrument
saturation. Curves are model temperature fits at two ends.
Coma is negligible in these spectra.

Fig. 8. Near-nucleus coma and dust features: (A) Range
~13130 km, resolution of 173 m/pixel, phase angle ~79.6°.

(B) Range ~4825 km, resolution of 63 m/pixel, phase angle
~62.5°.


















