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coated SiN lines corresponds to voids at SiN-
polymer interfaces (i.e., voiding underneath the
contact). The contrast is due to the distinct
viscoelastic response from the specimen acous-
tic wave from the voids. Interestingly, a notable
hardening of the polymer in the trench and its
sidewall is also evident in the phase image,
which results from thermal annealing and pos-
sibly poor adhesion with SOD. Because it is
nondestructive, SNFUH may be an ideal tool-
set for such subsurface metrology needs.

The efficacy of SNFUH in imaging of
embedded or buried substructures in biology
is demonstrated in Fig. 4, which depicts high
resolution and remarkably high contrast arising
from malaria parasites inside infected red blood
cells (RBCs). The details of in vitro infection by
malaria parasites are reported in (30); here, we
demonstrate early-stage direct and real-space
in vitro imaging of the presence of parasites
inside RBCs without any labels or sectioning of
cells, and under physiologically viable condi-
tions. Plasmodium falciparum strain 3D7 was
cultured in vitro by a modification of the meth-
od of Haldar e al. (31). Parasites were syn-
chronized to within 4 hours by a combination
of Percoll purification and sorbitol treatments,
cultured to 10% parasitemia, and harvested at
the indicated times.

SNFUH imaging was performed using the
near-contact mode method for imaging soft
structures. The SNFUH electronic module was
used to bring the cantilever into near-contact
mode, and then the sample was scanned over
the RBCs while maintaining the near-field
regime. An AFM topography image and a
SNFUH phase image from infected RBCs are
shown in Fig. 4, A and B, respectively. As
expected, the AFM topography image shows
the typical surface morphology of an infected
RBC, whereas the SNFUH phase image shows
remarkably high contrast from the parasite
residing well inside the RBC. In addition to
several other features reminiscent of membrane
proteins and subcellular contents, multiple para-
sites are clearly evident. The morphology,
spatial scale, and distribution of parasites are
consistent with prior accounts of such infection
(30, 32). To further demonstrate the capability
of SNFUH for early-stage diagnosis of parasite
infection, we examined RBCs incubated for
only 4 hours; infection after such a brief period
is difficult to validate by other noninvasive
techniques such as fluorescence tagging. The
images in Fig. 4, C and D, show that SNFUH
is sensitive to early-stage parasite infection in
RBCs, as reflected by image contrast consist-
ent with parasite infection.

These representative examples of SNFUH
development and applications demonstrate
a versatile toolset for nondestructive, high-
resolution, real-space imaging of diverse mate-
rials systems. We believe the SNFUH approach
fills the critical gap in spatial resolution at the
10- to 100-nm scale for nondestructive sub-

surface imaging in physical sciences, engi-
neered systems, and biology.
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A 5-Micron-Bright Spot
on Titan: Evidence for
Surface Diversity

Jason W. Barnes,’* Robert H. Brown,’ Elizabeth P. Turtle,’
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Observations from the Cassini Visual and Infrared Mapping Spectrometer
show an anomalously bright spot on Titan located at 80°W and 20°S. This
area is bright in reflected light at all observed wavelengths, but is most
noticeable at 5 microns. The spot is associated with a surface albedo feature
identified in images taken by the Cassini Imaging Science Subsystem. We
discuss various hypotheses about the source of the spot, reaching the con-
clusion that the spot is probably due to variation in surface composition,
perhaps associated with recent geophysical phenomena.

Large-scale relatively bright and dark regions
are present on Titan’s surface. Two bright
areas particularly stand out: the continent-sized

Xanadu Regio centered at 110°W, 15°S and
the sub-Saturnian mid-south-latitude bright
region (now provisionally named “Tsegihi”)
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Fig. 1. Global image
view (A) and cylindri-
cal map view (B) of T5
(16 April 2005) data
showing the spot.
These color (but not
true color) composites
were created using
data from the 1.57-
pum atmospheric win-
dow as blue, from the
2.0-um atmospheric
window as green, and
from the 5-pum atmo-
spheric window as
red. The area labeled
1 indicates the area
from which we ob-
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tained bright spot spectra. 2 indicates Xanadu, 3 the sub-Saturnian mid-south-latitude bright region “Tsegihi,” and 4 the area representing dark terrain.

Areas 1, 2, and 3 were chosen to have broadly similar emission angles and atmospheric contributions.

centered at 15°W, 40°S. Several groups (I-3)
have hypothesized that dark organic haze par-
ticles settling out of the atmosphere might build
up all over Titan’s surface, only to be washed
away during methane rainstorms; thus, the bright
areas would be composed of dirty ice (4) and
the dark areas would be covered by organics.
Other Earth-based observations have showed
evidence for lakes of liquid hydrocarbon (5)
along with methane clouds (6). Hence, Titan
may be the only object other than Earth that
is known to have an active exchange of liquid
between the atmosphere and surface.

Three Cassini instruments can see through
the haze in Titan’s atmosphere. The Visual and
Infrared Mapping Spectrometer (VIMS) uses
spectral image mapping to obtain images in
352 colors simultaneously (7). VIMS’s wave-
length range, 0.3 to 5.2 pm, includes spectral
windows at 0.92, 1.06, 1.26, 1.57, 2.0, 2.7,
and 5.0 um, where neither haze nor atmospher-
ic absorption completely obscures the sur-
face. The Imaging Science Subsystem (ISS)
is a visible/near-infrared (IR) camera with a
charge-coupled device detector (8). ISS is capa-
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Keck/2003 VIMS/TO

VIMS/TB

VIMS/TA VIMS/T4

VIMS/T5

Fig. 2. Identifications of the 5-um-bright spot from Keck AO ground-based imaging on 24
December 2003 and from VIMS during Cassini encounters on 3 July 2004 (T0), 26 October 2004
(TA), 13 December 2004 (TB), 31 March 2005 (T4), and 16 April 2005 (T5). North is at the top in
all images. Keck data were taken through the K’ filter (1.95 to 2.30 um) and color-mapped to
produce the upper left image. The VIMS images were generated with 5 um (VIMS channels 337
to 362 added together) as red, 2.0 um as green, and 1.57 um as blue. Spectral coverage for the TO
encounter was limited by bandwidth constraints; for the TO image, we scaled the available data
to simulate the full spectral window coadditions that were used in the other flybys. The 5-um-
bright spot shows no spectral or spatial changes between T4 and T5, although the geometry of
the other encounters is poor enough to not rule out changes in spatial coverage.

ble of observing Titan’s surface through its
0.938-um filter. Cassini’s radar radiometer in-
vestigates spatial variation in surface properties
with both active and passive modes. At short
range, the radar is operated in active mode as a
2.17-cm synthetic aperture radar (9). At larger
ranges, it can operate in passive mode, mea-
suring the microwave flux from Titan’s surface.

Here we present observations of an unusual
bright region on Titan, southeast of Xanadu.
The bright spot is located at 80°W, 25°S and
became apparent in adaptive optics 1.6-pm

(10) and 2.0-pm imaging from the Keck Ob-
servatory. VIMS obtained its best views of the
area on 31 March 2005 (T4) and 16 April 2005
(T5) (Fig. 1). A bright area consistent with this
one is also present in data taken on 2 July 2004
(TO), 26 October 2004 (TA), and 13 December
2004 (TB), (Fig. 2). Thus, the spot was observed
consistently over 9 months. The spot was near
the sub-solar point during T5, but the spacecraft
trajectory limited views of the spot to emission
angles of over 60° at a spatial resolution of
30 km per pixel in the north/south direction
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and 150 km per pixel in the east/west direc-
tion. Resolution was similar during T4. The
spot’s morphology was the same during both
encounters. These observations are, therefore,
consistent with a static feature.

The 5-um-bright spot extends 450 km from
north to south and 400 km from Titanian west
to Titanian east. It is brightest in the mid-north.
The spot is brighter than conventional bright
terrain at all wavelengths, and it becomes pro-
gressively brighter than Xanadu beyond 1.6 um
(Fig. 3). In images created by co-adding all of
the VIMS frames in the 5-pum spectral window,
the spot outshines the sub-Saturnian mid-south-
latitude bright region (“Tsegihi”) by 17% and
outshines Xanadu by nearly a factor of 2. The
spot’s spectral signature more closely resem-
bles that of “Tsegihi” than that of Xanadu; even
though the spot might spectrally be yet-brighter
“Tsegihi” terrain, Xanadu’s sharply lower al-
bedo at 5 pum is distinct. At 2.65 um, the spot
is of similar intensity relative to incoming solar
flux (//F) relative to other bright terrain, but is
~15% brighter than other terrain at 2.75 pm.

A thin, bright, semicircular feature bounded
the 5-um-bright spot to the south, as seen by
ISS in December 2004 (TB). This feature (“the
Smile”) is 650 km long and up to ~90 km
wide. The arc does not continue to the north, so
it does not mark a recent circular impact struc-
ture. It could be a heavily eroded crater, al-
though the old crater idea does not explain why
“the Smile™ is so bright. The feature’s symmetry
seems to imply structural control. The ISS im-
age shows a crenulated margin, perhaps due to
surface flows or erosion. ISS also observed this
region in February 2005 (T3) and, within the
limits of resolution, no difference in “the Smile”
was detected.

“The Smile” is brighter than the rest of
Xanadu (Fig. 4b). In the region where the
S-um flux is strongest (the area within or
bounded by “the Smile”), ISS shows a 300 x
500 km area of high albedo trending northeast-
southwest. The 0.938-pum albedo of this area
is comparable to that in Xanadu. Therefore,
the 0.938-pum and 5.0-pum albedos of this area
interior to “the Smile” are not correlated (Fig.
4C). In contrast, the albedos measured else-
where on the surface of Titan by ISS and
VIMS correlate strongly.

A moderately bright 0.938-um area under-
lies the triangular tongue that is bright at 5 pm
and stretches toward the southwestern edge of
the H-shaped dark region that was first seen
from Earth (/7). But to the northwest, areas
that are somewhat bright at 5.0 um overlie a
region that is dark at 0.938 um. This variation
probably reflects resolution differences between
the two data sets. Thin, bright, radial fingers ex-
tend northward from “the Smile”’s center of
arc into the dark region in the ISS view. The
superposition of the bright fingers and dark
background probably results in the moderate
S-um brightness detected by VIMS. If this in-
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terpretation is correct, then the increased 5-um
flux is correlated with ISS bright terrain.

A low-resolution passive radiometry obser-
vation from T4 covers the study area (Fig. 4D)
in one polarization, with a spatial resolution of
about 250 km. A correlation of higher bright-
ness temperature with lower near-IR albedo in
the upper right corner of the map is promi-
nent. This correlation appears to hold for most
of Titan’s surface at these spatial scales.

The spot cannot be specular reflection
because the specular point for flat surfaces
was located thousands of kilometers to the east.
VIMS’s observations span 12° to 57° in phase
angle and show no variation in the spectral
character of the spot; the much better-sampled
ground-based Keck adaptive optics (AO) ob-
servations of the spot also show that its phase
function matches the surrounding terrain be-
tween 0° and 70°.

The low density of craters on Titan (12, 9)
implies a high resurfacing rate that may
involve cryovolcanism (9). We performed ra-
diative simulations that show the bright spot’s
S-um excess to be consistent with roughly
gray-body thermal emission at a temperature
of ~180 K. Some features of the ISS mor-
phology are consistent with the idea that the
S-um-bright spot represents a volcanic prov-
ince: the bright optical albedo, crenulated mar-
gins, and possible linear flow features.

To test this hypothesis, we calculated bright-
ness temperatures from passive microwave
radiometry obtained by Cassini’s radar during
the T4 encounter. The microwave brightness
temperature depends on polarization, incidence
angle, composition, and physical temperature
(13). The observations in Fig. 4D were made
at incidence angles of around 57°, close to the
Brewster angle for ices and hydrocarbons. At

0.00

495 500 505 510

this angle, vertically polarized radiation is per-
fectly absorbed or emitted by the surface, and
thus (in the absence of subsurface scattering)
the brightness temperature corresponds exact-
ly to the physical temperature. Our observation
with an antenna temperature of ~77 K had
the polarization vector about 38° from vertical,
which represents a sum of horizontal and verti-
cally polarized brightness temperatures weighted
(~62%) in favor of the vertical. Application of
the orthogonal polarization, lower-resolution ra-
diometer data (71 K) also taken on T4 suggests
vertical brightness temperature 7,(V) ~ 83 K
and horizontal brightness temperature 7, (H) ~
67 K. The vertically polarized value is rather
typical for other regions on Titan and is lower
than the thermodynamic temperature of the sur-
face because of subsurface scattering (which in
effect partly reflects cold sky into the instru-
ment in place of some surface emission). There
is thus no evidence for elevated surface temper-
atures, which rules out the hot spot hypothesis.

If the spot represents a topographic high,
sunlight would pass through less of Titan’s
atmosphere both incoming from the Sun and
outgoing to Cassini. The reduced path length
through the atmosphere would decrease both
scattering by haze particles and absorption by
atmospheric gases, resulting in a higher ob-
served I/F for a surface of a given albedo.
Because the optical depth of Titan’s haze
decreases with increasing wavelength, this
hypothesis has difficulty explaining the spot’s
high 5-pm brightness. In addition, the lack of a
strong negative brightness temperature anom-
aly associated with the feature in radiometry
appears to argue against its being substantially
elevated above surrounding areas. With a dry
adiabatic lapse rate of ~0.6 to 0.8 K/km, even
a generous 1 to 2 K temperature drop would
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Fig. 4. Close-up cylindrically projected map views, all with identical footprints from 13°
to 34°S latitude and 59° to 96°W longitude, taken from (A) VIMS during T5, (B) ISS
during TB, (C) VIMS and ISS combined, and (D) radar radiometry during T4. (D) shows
2.2-cm brightness temperatures recorded by the Cassini radar radiometer in one
polarization. Data sampling the same area in an orthogonal polarization are at a much
coarser resolution (~800 km) and are not shown. Part of the SW-NE trend in brightness
is due to the incidence angle, which varies from about 42° at top right to 60° at bottom
left. Spots denote the beam center; diamonds show the approximate instantaneous

footprint of the radiometer beam.

permit only 3 km of topography, which is not
enough to account for the spot’s brightness.

Two major lines of reasoning, however, ar-
gue against this feature being a cloud. First, the
spot’s spectrum does not match that of known
clouds; second, the feature has persisted for much
longer than known clouds. The uniformly high
inferred albedo for the spot across VIMS’s entire
spectral range is consistent with cloud particles.
If the 5-pum-bright spot is caused by methane
condensate, it would have to be in the form of a
persistent low-lying cloud or ground fog.

Keck and Cassini observations have found
this particular spot to be bright and to maintain
its spatial distribution for 4.5 years. Clouds
seen in the past formed and dissipated on time
scales between hours and days. With better
spatial resolution and higher time resolution,
ISS monitoring of this region during TB showed
no apparent changes over tens of hours. If the
spot is a cloud, it must be a cloud that is tightly
controlled by the surface. It could be orographic,
but on Earth and Mars, even though orographic
clouds appear preferentially in certain places,
they still appear, disappear, and change shape
over time. The spot could correspond to fog
overlying a lake, hot springs, or a volcanic field.
However, the higher-altitude clouds that we
have seen so far are much brighter than Xanadu
when viewed by ISS, and although “the Smile”
meets this criterion, the interior of the 5-pum-
bright spot does not.

Finally, the 5-um-bright region may be the
result of a surface albedo marking. As such, it
could represent an area with distinct crustal
composition, an area in an unusual state of
weathering, or a thin surficial coating. Because
water ice is highly absorbing at 5 um, the 5-pum-
bright area cannot be more water-rich than
either Xanadu or the sub-Saturnian mid-south-
latitude bright region “Tsegihi.” The strong neg-
ative deviation of Xanadu’s spectrum at 5 pm

implies that it is Xanadu that has more water
ice than either the bright spot or “Tsegihi.” It is
not obvious what composition might be both
brighter than Xanadu at long wavelengths where
water absorbs and brighter at short wavelengths
where water strongly reflects. The area could be
in an unusual state of weathering—either very
young geologically or perhaps just recently
cleaned by methane rainfall. Either might alter
the chemistry of the topmost surface layer in a
manner that could reproduce the observed spec-
trum, although it would seem that a recent meth-
ane cleaning would leave the area more icy,
not less. Finally, the spatially localized nature of
the 5-um excess could be the result of a thin
airfall deposit, perhaps emanating from vents in
“the Smile” and blown northeast by prevailing
winds. However, it is still difficult to conceive
of a substance with the right spectral properties.

If the radiometric brightness temperatures
T,(V) ~ 83 Kand T,(H) ~ 67 K are interpreted
as due to emission from a dielectric surface at
83 K (thus taking subsurface scattering crudely
into account), the ratio of the two temperatures
suggests a dielectric constant of ~3. This value
is rather higher than that typical for Titan as a
whole, which exhibits polarization that is char-
acteristic of dielectric constants of 2. The value
would be consistent with the study area having
an ice-rich composition, in contrast to the wide-
spread value characteristic of porous ices or
solid or liquid hydrocarbons. Pure ice appears
inconsistent with the VIMS data. However, be-
cause the absorptivity or loss tangent of cold ice
and hydrocarbons is very low (< ~ 107%), the
microwave data probe depths of perhaps several
meters. Hence, a thin frost or veneer of material
only a few tens of microns thick could give
the surface a very different near-IR reflectance
from that expected from its bulk composition.

An intriguing possibility for the identity of
the bright spot’s reflecting material is CO, ice.

REPORTS
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CO, ice reflects highly in the same short-
wavelength Titanian atmospheric windows
where water ice reflects, but is more highly
reflective than water ice in the 5-um window.
Unfortunately, the most diagnostic wavelengths
for carbon dioxide ice are not within Titan’s
spectral windows and thus are not amenable
to remote sensing. Kress and McKay (/4) re-
cently predicted an abundance of CO, on Titan,
based on chemical modeling of comet impacts
early in Titan’s history. In this scenario, the
bright spot and “Tsegihi” could be either eroded
layers of CO, or more recent overlying depos-
its. Observations in the coming years will shed
additional light on this enigmatic feature.
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