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Titan’s density indicates an icy composition, like those of 
Saturn’s other moons, which suggests that it has an icy surface 
too. However, Titan uniquely has an immense atmosphere 

composed mainly of N2 and CH4, which is photolysed in the upper 
atmosphere, thereby producing a plethora of organic molecules that 
end up as liquid and solid sediments on the surface1. Therefore, 
Titan’s surface is expected to have two distinct components, an icy 
bedrock and the atmosphere-derived organic sediments1.

Near-infrared investigations of Titan’s surface
Titan’s surface composition can be studied in the eight wavelength 
bands centred at 0.93 μm, 1.1 μm, 1.3 μm, 1.6 μm, 2.0 μm, 2.7 μm, 
2.8 μm and 5.0 μm, between the optically thick CH4 and CO bands 
in Titan’s atmosphere (Fig.  1). Within these ‘windows’ candidate 
surface components exhibit characteristic absorption features; for 
example, NH3 ice and C2H6 liquid absorb at 2.0 μm, while com-
plex organic material may absorb at 0.93 μm and 1.08 μm (ref. 2). 
However, water ice is the most straightforward constituent to iden-
tify, because three of its strong bands lie within the 1.6 μm, 2.0 μm 
and 2.8 μm windows3.

Prior analyses of Titan’s surface composition from spectral 
images of Cassini’s Visual and Infrared Mapping Spectrometer 
(VIMS)4 identified a broad range of terrain types. Examples include 
the spectrally distinct5,6 dunes7, craters marked with 1.6 μm and 
2.0 μm absorptions characteristic of water ice8, and a region sur-
rounding Sotra Patera that morphologically resembles a cryovol-
cano9. These findings are achieved by analysing the reflectance, I/F, 
where I is the intensity of light at the top of Titan’s atmosphere, and 
F is the incoming solar flux. The spectral nature of the surface is 
investigated either by mapping colour composites of several wave-
lengths10, or of their fractions, sometimes including empirical cor-
rections of the atmospheric scattering and surface photometry11. 
A principal component analysis (PCA) of the entire I/F spectrum 

has been conducted12. Additional studies targeted specific features12 
with radiative transfer (RT) models12, which estimate the charac-
teristics of haze and CH4 opacity, and simulate the scattering and 
absorption of photons from the Sun as they pass through Titan’s 
atmosphere, get reflected from Titan’s surface, and emerge at the top 
of the atmosphere.

PCA investigation of Titan’s surface
This project analyses the composition of the half of Titan’s surface 
that is bounded by latitudes 30° S and 30°N (Supplementary Fig. 1) 
to study the surface spectral diversity and investigate the exposure 
of water-ice bedrock of Titan’s tropical surface, despite the ongoing 
sedimentation of organic material from the atmosphere. Towards 
this goal, we developed a PCA analysis of the four wavelength bands 
(1.1 μm, 1.3 μm, 1.6 μm and 2.0 μm) that most clearly view Titan’s 
surface from orbit.

In contrast to RT analyses, the PCA identifies and deconstructs 
the major spectral components based on the variance of the data. 
This approach, as discussed below, identifies the weak surface spec-
tral features on a global scale without prior assumptions regarding 
the surface composition and atmospheric scattering and absorp-
tion, as assumed in RT analyses. A full RT analysis is significantly 
more time-consuming because the assumptions are evaluated at 
each spatial pixel. Rather than analysing each spectrum, one at a 
time, in detail, we study the correlations of the M = 4,096 spectra of 
a VIMS ‘cube’, each of which is recorded over 64 × 64 spatial pixels 
covering a contiguous region of Titan’s surface. This analysis enables 
the identification of weak features by correlating the spectra. Of the 
N = 4 wavelength regions considered here, two (1.1 μm and 1.3 μm) 
reside outside H2O absorptions and two (1.6 μm and 2.0 μm) are 
regions of H2O absorption.

This work involves 37 VIMS cubes, which spatially overlap, each 
of which are analysed with the PCA independently (Supplementary 
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Table 1). We follow this protocol, because each VIMS cube samples 
different haze scattering, owing to the different lighting angles. The 
principal component axis defines the spectral trends that constitute 
the highest and therefore most obvious source of spectral variance, 
whereas successively lesser components indicate smaller sources of 

variance, and more subtle spectral trends of interest. The orthogo-
nal spectral trends are derived by calculating the eigenvalues and 
eigenvectors of the N × N covariance matrix, Ci,j, defined by the I/F 
values (pi) at the N window bands of each cube and their deviations 
from their mean values μi:

∑ μ μ
−

− −=C
M

p p1
1

( ) ( ) (1)i j M i i j j,

The eigenvector associated with the highest eigenvalue defines the 
principal component, with successively smaller eigenvalues defin-
ing lesser sources of variance. Spectroscopically distinct terrains are 
identified by determining which spectra fit the principal compo-
nent to within 1σ, and which of the remaining spectra require the 
second and third components to fit the data to within 1σ. Details of 
the methodology are given in the Methods.

The I/F distributions of the four wavelengths are not Gaussian, 
and introduce a slight displacement between the second eigenvector 
and the centre of the spread of the data points projected in this com-
ponent. We therefore test our results against the RT analyses of local 
regions, and through the consistency of results in overlapping cubes. 
The third component is relevant in only one cube (1826075655), so 
the effects of the displacement are not compounded. Tests of our 
methodology and comparisons with other approaches are detailed 
in the Methods.

We target Titan’s tropical surface, where the atmosphere is well  
characterized from in  situ measurements by the Huygens probe 
at 10° S and 191° W (ref. 13), thereby enabling comparisons of 
the PCA analysis with prior RT studies of several local regions.  
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Fig. 1 | Two 0.9−3.0 μm VIMS spectra. Between Titan’s strong atmospheric 
methane bands (the minimum points of the I/F) the atmosphere is 
transparent enough to probe Titan’s surface. Six of these windows are used 
in this study (green arrows). We note that the blue spectrum (recorded at 
latitude 9.3° S, longitude 46.0° W) exhibits stronger absorptions at 1.6 μm 
and 2.0 μm than does the red pixel spectrum (5.5° S, 37.0° W). The PCA 
identifies the blue spectrum as having stronger ice absorptions than that of 
the red spectrum. The linewidth is wider than the s.d. error bars.

60° N

45° N

30° N

15° N

0° N

15° S

30° S

45° S

60° S
60° N

45° N

30° N

15° N

0° N

15° S

30° S

45° S

60° S

18
0°

 W

15
0°

 W

12
0°

 W

90
° W

60
° W

30
° W

0°
 E

30
° E

60
° E

90
° E

12
0°

 E

15
0°

 E

18
0°

 E

Fig. 2 | Composition map of Titan. The top panel shows the spectral trends derived from the PCA analysis of 37 VIMS cubes, at four window wavelengths. 
Blue pixels indicate ice-rich regions, that is, absorption at 1.6 μm and 2.0 μm, while green, red, orange and brown pixels indicate diverse ice-poor regions, 
with absorptions only at [1.1 μm and 1.3 μm], [1.1 μm], [2.0 μm], and [1.3 μm, 1.6 μm and 2.0 μm], respectively. These terrains overlay a Cassini/Imaging 
Science Subsystem (ISS) image at 0.93 μm wavelength. In the region covered by this PCA analysis (approximately 30° S to 30° N; Supplementary Fig. 1), 
the grey background indicates the average spectral trend, which matches the first component. The bottom panel shows the regions discussed in the text: 
the dark dune fields (for example, Fensal and Belet), the local regions of Sotra (S), Hotei Regio (H), Tui Regio (T), and the Huygens landing site (X), and 
three large craters: Menrva (1), Sinlap (2) and Selk (3). This map indicates that Titan’s icy corridor and craters account for most of Titan’s ice-rich surfaces. 
Credit: NASA/JPL-Caltech/Space Science Institute-PIA14908 (ISS image; https://go.nature.com/2G9CX0U).
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The Cassini/VIMS cubes chosen for this analysis are detailed 
in the Supplementary Information. Each cube has an integra-
tion time greater than 60 s, which establishes the signal-to-noise 
ratio (S/N). The S/N values range from 25 to 50, for the bands 
used in the PCA analysis. We increase the S/N by averaging the 
I/F of two of the channels, channels 43 and 44 for the 1.6 μm 
band, and channels 70 and 71 for the 2.0 μm band. The 1.1 μm 
and 1.3 μm bands use the VIMS wavelength channels 13 and 25, 
respectively. To mitigate the effects of Titan’s atmosphere, most 
cubes (30) have incident and scattering angles with cosine values 
above 0.40. However, to cover the regions of Hotei Regio and the 
terrain west of Menrva crater (Fig. 2), we include five cubes with 
incident and scattering angles having cosines ranging from 0.34 
to 0.10, which yield consistent results with overlapping cubes at 
low scattering angles.

Spectral variance trends in tropical Titan
For all cubes, the principal component captures the main spectral 
trend of the surface, modulated by atmospheric scattering at differ-
ent viewing angles and lighting conditions; that is, the major sources 
of variance in the datasets. The first component thereby finds  
the obvious surface spectral trends, and the effects of the atmo-
sphere, precisely the information in which we are not interested. 
This component contains 87% to 99% of the variance, depending  
on the cube. The primary component carries the average surface 
spectrum, which, on the basis of Titan’s 2.18 cm dielectric constant  

measured by Cassini/RADAR14 and near-infrared studies (for 
example, refs. 15,16) is dominated by organic sediments.

In contrast, the effects of Titan’s atmosphere on the second 
component were found to be insignificant, as comparisons of 
overlapping cubes with different viewing angles and path lengths 
through Titan’s atmosphere yield consistent results (Methods and 
Supplementary Fig.  2). Instead, the second component identifies 
weak spectral features of Titan’s surface. We find that absorption 
features at 1.6 μm and 2.0 μm, characteristic of water ice, dominate 
the second component (Fig. 1). These signatures occur in 31 of the 
37 cubes (Supplementary Table 1) and explain 0.4% to 13% of the 
spectral variance (Fig.  2, blue). The interpretation of water ice is 
further substantiated by studies of the cubes with the most direct 
viewing angles and lowest noise (Methods). These cubes reveal 
the subtle absorption feature at 2.8 μm, also characteristic of water 
ice (Supplementary Fig. 3). The features characteristic of water ice 
dominate the second component.

The second component also identifies spectral regions with the 
opposing trend to those with 1.6 μm and 2.0 μm absorptions; that is, 
spectra with absorptions at 1.1 μm and 1.3 μm. These short-wave-
length absorptions, indicative of organic-rich, ice-poor terrains8, 
appear in the Tui Regio12 and Hotei Regio17 regions (green areas in 
Figs. 2 and 3), areas of local, rather than global, depressions. Three 
additional spectral trends are found in the six variant cubes, which 
do not display ice features, and appear in ice-poor regions of Senkyo 
and Belet (yellow, magenta and purple areas in Fig. 2).

Distribution of water-rich and water-poor terrains
Our PCA study indicates that water ice is unevenly, but not ran-
domly, exposed across Titan’s tropical surface (Fig. 2). Most of the 
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exposed ice-rich material follows a long, nearly linear, corridor that 
stretches 6,300 km from roughly (30° E, 15° N) to (110° W, 15° S). 
Within this vast linear feature, we find the largest angular offsets 

between the second and first components, indicating the strongest 
water-ice features of Titan’s tropical surface. The deepest ice absorp-
tions occur in the Sotra complex (Fig. 2), a topographically unique 
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region, with a mountain 500 m high (Doom Mons) situated next 
to a pit 1,500 m deep, Sotra Patera, hypothesized to be of cryovol-
canic origin9. The observations covering Sotra are at zenith view-
ing and have a high enough S/N to detect all three water-ice bands 
(1.6, 2.0 and 2.8 μm) in the low-lying dunes surrounding the Mohini 
Fluctus flow deposits (38.5° W, 11.8° S) that appear to emerge from 
Doom Mons (Supplementary Fig.  3). The surface distribution of 
organics-rich material indicates that aeolian and fluvial processes, 
which shape the dunes, work faster than the sedimentation of 
organic material, thereby potentially exposing ice-rich material9,10. 
However, it is unclear what connection, if any, exists between the 
6,300-km-long linear feature and Sotra Patera, which is positioned 
roughly in the middle of the ice-rich corridor.

Titan’s ice-rich corridor follows the margins of the dark dune 
fields and the bright terrain, extending from Sotra to Aaru (Fig. 2). 
Because Titan’s dunes are truncated by locally steep elevations of the 
generally bright terrains18,19, the bright-to-dark margins are likely 
to be escarpments, where high bright terrain looms over the dunes. 
Outside the Sotra-to-Aaru strip, the margins do not reveal ice, even 
when facing the same dune field as those that are icy. This omission 
indicates the presence of subsurface layers with variable composi-
tions across Titan’s tropical surface, where erosion into the dunes in 
some regions exposes otherwise buried water ice8 (Supplementary 
Fig.  3). The correlation between ice-rich terrain and local topo-
graphical relief suggests erosional processes that expose and trans-
port icy material to lowlands, where some of the icy terrain is 
currently found8.

Outside this contiguous icy region, H2O features make up 
a much smaller fraction of the total variance. The next-most-
extensive region of enhanced water ice surrounds Titan’s largest 
crater Menrva, with a diameter of 425 ± 25 km (ref. 20). Exposed 
ice-rich material extends about 500 km to the east and southeast of 
the crater, a morphology that suggests an ejecta blanket, but one 
encroached on by dunes and highly eroded (Fig.  4). Yet here the 
1.6 μm and 2.0 μm spectral features appear in the third component, 
and carry only 0.75% of the variance. The detection of these features 
is enabled by the PCA analysis, which samples the correlations of 
thousands of spectra in the cube. The weak nature of the ice features 
suggests a mixture of icy and non-icy components, perhaps caused 
by erosion, consistent with the aeolian and fluvial processes indi-
cated by Cassini RADAR images21,22. Scattered regions of weak ice 
enhancement also surround smaller craters (Fig. 5) and the Adiri 
terrain, again principally along the margins of the dark and bright 
terrains. This region encompasses the Huygens probe landing site 
(Fig.  2) where we detect faint ice features, consistent with in  situ 
measurements by the Huygens probe13 and VIMS measurements23.

A comparison of our results with Cassini RADAR measurements 
of Titan’s emissivity at 2.18 cm (refs. 14,24) indicates similarities in  
the exposure of water ice, with inconsistencies probably caused by 
the low resolution of some of the RADAR data and the different 
levels probed by the different wavelengths. Titan’s ice-rich corridor, 
according to synthetic aperture radar (SAR) studies of the surface 
morphology25, correlates with some of the oldest terrains on Titan’s 
surface (Fig. 6). These terrains appear ice-rich in composition, with 
active mass wasting and weathering effectively clearing the surface 
of more recent organic deposits26.

Implications
Titan’s global ice feature presents a puzzle. It does not correlate in 
any obvious way with the Bouguer gravity anomaly, a measure of 
the gravitation field and therefore of the material below the sub-
surface27, nor does it correlate with topography, as measured from 
Cassini RADAR measurements19. However, gravity measurements 
have been conducted only at low spatial resolution, and topogra-
phy measurements are sparse. The linearity of the icy corridor over 
a global scale presents the question of whether tectonic processes 

shaped this feature, thereby manifesting the processes that mould 
Titan’s surface and subsurface on a global scale. However, we find 
no evidence that Titan is geologically active, consistent with Titan’s 
long-wave topography and gravity field, which indicate a thick ice 
shell that is conductive rather than convective27,28.

The ice-poor terrains detected in the second PCA component 
(Fig. 2) indicate compositionally diverse organic sediments. These 
surface deposits are of interest because laboratory simulations of 
Titan’s atmosphere produce amino acids29 that potentially reside 
on Titan’s surface. Further analyses of all window wavelengths can 
explore the possibility that this heterogeneity arises from chemical 
or physical evolution of the sediments3.

The history of Titan’s interior and atmosphere bear on the dis-
tribution and abundances of organic sediments. Measurements 
of the 13C/12C ratio in Titan’s atmosphere30 indicate that methane 
was injected into the atmosphere not more than 0.5–1 billion years 
ago. This age is consistent with the volume of dunes that would 
have accumulated since then, and suggest, consistent with evolu-
tion models of Titan’s interior31, that a major cryovolcanic event 
occurred several million years ago32. Potentially the topography that 
established the steep slopes of the icy corridor is a remnant of the 
time when Titan was geologically active. One example is the Sotra 
region, which displays cryovolcanic features, the steep terrain of 
which exhibits the strongest water-ice features.

The communication between the surface and the interior prob-
ably plays a major part in Titan’s current surface and atmosphere. 
This is indicated by the paucity of liquid methane on Titan’s surface 
(less than that in the atmosphere) which through evaporation sup-
plies atmospheric CH4. Without an additional, source Titan’s CH4 
will be exhausted in just 20 million years. Yet a longstanding lake in 
Titan’s tropical desert33 indicates that subsurface reservoirs also sup-
ply methane to Titan’s atmosphere, thereby prolonging the methane 
atmosphere and accumulation of sediments.

Additional studies of Titan’s surface, concerning outgassing34, the 
terrain ages, detailed topography and gravity maps and surface com-
position, are needed to address the larger question of whether pro-
longed production of complex organics, sourced by subterranean 
reservoirs, are common in cool CH4-rich exoplanetary atmospheres.

Methods
Details of the methodology. Our analysis most resembles the three-dimensional 
rotation of 4,096 I/F values of three window wavelengths (1.3 μm, 1.6 μm and 
2.0 μm) of the CM1514302573 cube, by Soderblom et al. 8. Their rotation of 
the I/F values was conducted by hand to study the variance of the data. The 
PCA, in contrast, systematically calculates the eigenvalues and eigenvectors 
of the covariance matrix. It enables studies of weaker features, larger datasets, 
and the correlations of spectra involving more than three wavelengths, thereby 
complementing the detailed but lengthy RT analysis.

The PCA identifies the orthonormal eigenvectors according to the variance 
of the data. The angular offset of the second component onto the principal 
component, for each pixel, indicates the spectral contributions of the second 
component spectrum compared to that of the principal component. The I/F 
angular offsets of the second component from the principal component have two 
senses, when projected onto the first component (Supplementary Fig. 4). We find 
that for most cubes the second component indicates spectra that have 1.6 μm and 
2.0 μm absorptions and 1.6 μm and 2.0 μm peaks. Only rarely do we find other 
spectral trends, such as a 1.6 μm peak and 2.0 μm absorption.

For a given spatial pixel, if the first component does not fit the data to within 
1σ, we then add the second component and determine whether the combined first 
and second components fit the data to within 1σ. If these two components explain 
the data within the errors, then we discern how the second component modifies 
the first component spectral trend. If the second component, when added to the 
first component, indicates absorption at 1.6 μm and 2.0 μm, then the pixel is blue, 
indicative of water-rich terrain. The tint of the blue colour reflects the degree of the 
I/F angular offsets of the second component. If, instead, the angle between the first 
and second components indicates less 1.6 μm and 2.0 μm absorption, the pixel is 
designated green, indicative of a relatively water-poor surface. Only in the Menrva 
cube (1826075655) do ice absorptions occur in the third component. The angular 
offsets that are above the noise for the approximately 130,000 spatial pixels are 
given in Supplementary Fig. 4. Supplementary Table 1 provides details of each cube 
and its analysis.
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(Figs. 2 and 5). This region is interpreted as the crater’s ejecta blanket, formed 
by the impact of an object about 7 km across, which caused ballistic ejecta and a 
vapour plume from which small particles condensed and drifted downwind40.

The composition of Sinlap, studied from RT analyses12, match our PCA 
results, while colour composite analyses10 agree with most but not all features, as 
indicated by a close-up VIMS measurement (Fig. 5). For example, the PCA does 
not find enhanced ice on the crater floor, as indicated by the colour composites41. 
Yet studies of the composites of the fractions of several wavelengths40 that include 
empirical corrections of the atmospheric scattering are consistent with our work 
on Sinlap. Recent maps of Titan’s globe, similarly constructed, indicate (in dark 
blue) the features that we detect as water ice, with the exception of the region 
around 15° E longitude and 8° N latitude. PCA and RADAR and colour composite 
analyses40 also indicate erosion and a slumping of part of the northern rim. We find 
that the strongest water features follow most of the inner rim of the crater, while 
the floor and the ejecta blanket are relatively ice-poor (Fig. 5), consistent with 
the accumulation of organic material on the crater floor. The ejecta blanket may 
represent an intimate mixture of organic material and water ice, formed during 
the high-energy impact event40 with subsequent mass wasting revealing ice-rich 
surfaces on the steep crater rim wall. The edge of the icy ejecta blanket lies to the 
northwest40. Sinlap’s highly intact ejecta blanket footprint and strong ice features 
suggest a younger crater than both Menrva and Selk41.

These studies indicate that the PCA matches prior RT analyses in detail. The 
empirical method that corrects for scattering and surface photometry40 agrees 
with our PCA well, while maps of colour composites mostly yield similar results. 
The disparities are largest over Titan’s dark terrains and highly scattering viewing 
angles, effects that are extracted by the PCA’s principal component.

Data availability
The Cassini data analyszed in this work are available through the Planetary Data 
System (https://pds.nasa.gov). The data that support the plots within this paper 
and other findings of this study are available from the corresponding author upon 
reasonable request.
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Validation of our technique. The VIMS cubes were chosen such that the footprint 
of each cube overlies the neighbouring cubes. This redundancy enables us to assess 
whether the PCA extracts the effects of Titan’s overlying atmosphere. We compare 
the PCA results of the overlying sections that sample the same terrain, but have 
different viewing angles. We find that results in the overlapping segments are fully 
consistent, as shown for the six cubes near (60° W,0° S) (Supplementary Fig. 2).

To test the results of our methodology, we compare the results of the PCA 
analysis to those of a full discrete ordinates RT analysis35, which include studies 
of the errors. Two studies enable a detailed comparison to our work, because 
they map the derived surface albedo to each VIMS pixel, and include a study of 
the uncertainties of the atmospheric effects. These cubes cover Hotei Regio17, 
a 500-km-across, semi-circular basin36 located at (25° S, 80° W), and the 
80-km-across Selk crater, situated at (26° N, 200° W).

The PCA and RT analyses of Hotei Regio yield consistent results, with detailed 
agreement of the location of the water-rich and water-poor terrains (Fig. 3). Both 
studies find that the basin has a water-poor surface. In contrast, water-rich regions 
occur at the base of drainage systems in small local depressions southeast of Hotei 
Regio, and in a larger region north of Hotei Regio17. The ice-rich material has been 
interpreted to be fluvial deposits, eroded and transported by liquid methane17, and 
therefore a local effect.

Likewise, both PCA and RT studies of Selk crater consistently indicate that 
water-rich ice encircles the crater’s outer rim, and extends eastward of the crater 
in a sinuous pattern37 (Fig. 5). These features suggest erosion in the west flank 
of the rim, and a highly eroded ejecta blanket, potentially sculpted by methane 
rain. While the Selk crater appears therefore to be a somewhat eroded crater37, the 
strong ice enrichment that defines the crater rim indicates a less gardened crater 
than Menrva, suggesting that Selk was formed from a more recent impact38.  
These studies and RT analyses that analyse specific spectra12 agree fully with  
the PCA analysis.

Evidence of water ice. Water ice has strong absorption features at 1.6 μm, 
2.0 μm and 2.8 μm. However, owing to the weakness of the latter feature and 
the accompanying noise, it is difficult to identify its signature. At 2.8 μm, Titan 
has a low surface albedo, which coupled with the high absorptivity of Titan’s 
atmosphere at these wavelengths, leads to I/F values are 4–9 times lower than those 
at wavelengths 1.1 μm, 1.3 μm, 1.6 μm and 2.0 μm (Fig. 1). The variance of the I/F 
values at 2.7 μm and 2.8 μm are therefore comparatively small and noisy and thus 
inappropriate for this PCA analysis.

To test the assumption that the 1.6 μm and 2.0 μm absorptions are indeed due 
to water ice, we examine whether the terrains that exhibit the 1.6 μm and 2.0 μm 
absorptions, based on the PCA analysis, also exhibit the 2.8 μm absorption. Instead 
of using a PCA, we divide the 2.8 μm I/F values by those at 2.7 μm, where water 
absorption is weaker3. To increase the S/N, we average the I/F of channels 110 and 
111 for the 2.7 μm band, and channels 116 and 117 for the 2.8 μm band. Ice-rich 
regions are indicated where the 2.8 μm to 2.7 μm I/F ratio is low, owing to  
2.8 μm absorption.

However, unlike past work that failed to detect the strong 2.8 μm feature3, 
we consider only the cubes (Adiri 1567240658, Sinlap 1790056808 and Sotra 
1514309549) that have a nearly zenith viewing of the surface, and a high S/N, 
that is, a low incidence of the scattering angles ≤20° and exposure times ≥160 s. 
The low viewing angles are critical, because Titan’s atmospheric CH4 absorbs 
more strongly at 2.7 μm than at 2.8 μm. At high path lengths, therefore, Titan’s 
atmosphere more strongly depresses the 2.7 μm I/F, which can lead to misleading 
results such as the impression that the surface albedo is lower at 2.7 μm than at 
2.8 μm (ref. 39).

This study reveals that for each of the three zenith-viewing cubes, the presence 
of a strong 2.8 μm absorption feature correlates with the presence of the 1.6 μm 
and 2.0 μm water-ice signatures, as shown for the Sotra cube in (Supplementary 
Fig. 3). The drop in the 2.8 μm absorption from that at 2.7 μm was found to be at 
most 10%. The I/F standard deviation at 2.7–2.8 μm is 0.001 and the maximum I/F 
value is 0.011. The detection of 2.8 μm absorption at each pixel is at the 1σ level. 
At I/F values below 0.0048, characteristic of the dark dunes, the 2.8 μm absorption 
feature is below the 1σ level. Therefore the 2.8 μm absorption cannot be measured 
well in the dunes with this technique, and discrepancies arise between the PCA 
analysis and the simple 2.7 μm to 2.8 μm I/F ratio (Supplementary Fig. 3). For the 
other cubes examined here the 2.8 μm absorption lies below the 1σ level, because 
of the higher noise level and muted nature of the surface spectra as viewed through 
higher atmospheric paths.

We note that the interpretation that the 1.6 μm and 2.0 μm absorptions are due 
to water ice is supported by the detection of these features in the ejecta blankets of 
craters (for example, Menrva, Sinlap and Selk). These impacts excavated material 
tens of kilometres deep, that is, well below the organic sediment layer and into 
Titan’s icy bedrock40,41.

Comparison with prior studies. The Sinlap crater, which has a 82 ± 2 km diameter 
and is 640 ± 160 m deep40, has been analysed extensively, using different methods. 
It thereby provides opportunities to compare different techniques. Prior studies 
detect 1.6 μm and 2.0 μm absorptions, as well as a high dielectric constant14 
indicative of an extended region of exposed water ice8 southwest of the crater 
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