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• Photochemistry in upper atmosphere 
produces complex carbon molecules

• Rich organic material covers the surface

• Potential for organic compounds to have 
mixed with liquid water for extended periods 
of time at the surface
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Complex organic chemistry

Titan is a singular destination for 
understanding the chemical processes 
on our own planet that supported the 

development of life
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Complex organic chemistry

Titan is a singular destination for 
understanding the chemical processes 
on our own planet that supported the 

development of life



What makes a planet or moon habitable?

What chemical processes led to the development of life?

Has life developed elsewhere in our solar system?
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Aerial mobility enables 
access to Titan's 
diverse surface 
materials and 

environments with 
different geologic 

histories

Following from Cassini-Huygens' discoveries, Dragonfly 
takes the next steps to answer fundamental questions



• Launch in 2026 à Titan arrival in 2034

- Direct atmospheric entry

- Similar latitude and same time of year as descent of Huygens probe
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Dragonfly mission timeline
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E+6 min
h=134 km
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Dragonfly mission elements
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Rotorcraft Lander
Flight configuration 
with HGA stowed

• MMRTG power
- Charge battery used 

for flight and science 
activities

- Waste heat maintains 
nominal thermal 
environment in lander

• Direct-to-Earth 
communication
- HGA articulation used 

to target cameras to 
build up panoramas of 
surrounding terrain

• Measurements on 
surface and in flight
- Aerial imaging
- Atmospheric profiles



• What chemical components and energy-producing 
chemical pathways exist on Titan that could drive 
prebiotic chemistry?
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Dragonfly is driven by specific science questions 
about prebiotic chemistry and habitability

Prebiotic 
Chemistry



• What chemical components and energy-producing 
chemical pathways exist on Titan that could drive 
prebiotic chemistry?

• What CH4 sources and sinks exist in Titan’s 
equatorial regions, and what are the implications for 
methane transport?

• How are materials, especially organics, transported 
on Titan’s surface and in its atmosphere?

• Where and how has liquid water been in contact with 
organic material?
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Dragonfly is driven by specific science questions 
about prebiotic chemistry and habitability

Methane 
Cycle

Prebiotic 
Chemistry

Organic 
Cycle

Liquid 
Reservoirs



• What chemical components and energy-producing 
chemical pathways exist on Titan that could drive 
prebiotic chemistry?

• What CH4 sources and sinks exist in Titan’s 
equatorial regions, and what are the implications for 
methane transport?

• How are materials, especially organics, transported 
on Titan’s surface and in its atmosphere?

• Where and how has liquid water been in contact with 
organic material?

• Are there chemical signatures of past or extant 
water- or hydrocarbon-based life on Titan?
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Dragonfly is driven by specific science questions 
about prebiotic chemistry and habitability

Methane 
Cycle

Prebiotic 
Chemistry

Organic 
Cycle

Liquid 
Reservoirs

Chemical 
Biosignatures



A. Determine the inventory of prebiotically relevant 
organic and inorganic molecules 
and reactions on Titan

B. Determine the role of Titan’s tropical atmosphere 
and shallow subsurface reservoirs in the global 
CH4 cycle

C. Determine the rates of processes modifying Titan’s 
surface and rates of material transport

D. Constrain what physical processes mix surface 
organics with subsurface ocean and/or melted 
liquid water reservoirs

E. Perform broad-based search for signatures 
indicative of past or extant biological processes
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Science goals and payload focus on chemical 
inventory and opportunities for materials to interact 

• DraMS: Mass Spectrometer

• DrACO: Drill for Acquisition of Complex Organics

• DraGNS: Gamma-ray Neutron Spectrometer

• DraGMet: Geophysics & Meteorology Package

• DragonCam: Camera Suite
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Science goals and payload focus on chemical 
inventory and opportunities for materials to interact 



• Analyze chemical components & processes that 
produce biologically relevant compounds

• Complementary sample analysis modes:
- Laser Desorption MS: Broad survey and structural analysis
- Gas Chromatography MS: Definitive molecular detection, chirality
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Comprehensive study of the chemical complexity and 
diversity of Titan’s solid surface

(Hand et al., 2017, Europa 
Lander SDT Report)(Trainer et al., 2017)

EUROPA LANDER SCIENCE DEFINITION TEAM REPORT  4-13 

  SCIENCE OF THE EUROPA LANDER MISSION – 4 | 

flight, are capable of addressing the MS requirements within the molecular analysis measure-
ment objective. Various MS systems may also offer design flexibility to enable additional, en-
hanced Europa lander science, such as direct analysis of neutral or ion composition of the 
near-surface atmosphere/exosphere, or spatially resolved sample analysis using focused laser 
or other beam ionization. 

Investigation 1A2: Determine the types, relative abundances, and enantiomeric 
ratios of any amino acids in the sampled material. 

Some compounds employed in Earth’s biochemistry – for example, sugars and most amino 
acids – are chiral. Chiral compounds can exist in either of two configurations (enantiomers) 
that represent non-superimposable mirror images of one another (Figure 4.1.6). In the case 
of amino acids, known abiotic mechanisms of synthesis generate nearly equal amounts of the 
two possible enantiomers (D and L). In meteorites, the D and L forms are generally also pre-
sent in approximately equivalent amounts, although excesses of the L enantiomer ranging 
from 1–15% have been observed among the �-methyl amino acid series (Pizzarello, 2006) and 
up to 21% for the non-proteinogenic amino acid isovaline (Elsila et al., 2016). In an analysis 
of the Tagish Lake Meteorite, unusually large L-
enantiomeric excesses ranging from 43–45% 
were reported for glutamic acid in which the 
�13C-content confirmed its meteoritic origin 
(Glavin et al., 2012).  

In contrast, biological materials on Earth 
are composed almost exclusively of the L-enan-
tiomer (D/L ~0.02; Aubrey, 2008) and recent 
work suggests that such homochirality is re-
quired for the proper folding and function of 
proteins in biochemistry across the three do-
mains of life on Earth. For this reason, it is sug-
gested that a large enantiomeric excess (ee) 
in multiple different amino acid types would 
constitute strong evidence for biology 
(Halpern, 1969; Kvenvolden, 1973; Bada et al., 
1996; Bada and McDonald, 1996). 

Bacteria however, also incorporate non-
proteinogenic D-amino acids (aspartic acid, as-
paragine, glutamic acid, glutamine, serine, and al-
anine) as components of bacterial biomolecules 
such as peptidoglycan, polypeptide, teichoic 
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Comprehensive study of the chemical complexity and 
diversity of Titan’s solid surface

CAPS, 31 March 2020

• DrACO uses redundant rotary-percussive drills and blowers to pneumatically 
transfer surface material to DraMS for detailed chemical analyses



• Measure bulk 
elemental surface 
composition

- Classify surface material

- Detect minor inorganic 
elements

- Reveal near-surface 
stratigraphy
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Classification of surface materials at every site

Simulation of 1-hour 
meas. on Titan’s surface

CAPS, 31 March 2020



• Monitor atmospheric conditions, identify CH4

reservoirs, and determine transport rates
- T, P, CH4, wind speed & direction

- Diurnal and spatial variations; atmospheric profiles

• Constrain regolith properties (e.g., porosity)
- Thermal diffusivity, dielectric constant

• Constrain processes that mix organics with 
past surface liquid water or subsurface ocean
- E-Field (Schumann resonance), seismic activity
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Meteorological and seismological monitoring 
of an ocean world

CAPS, 31 March 2020



• Detection and characterization 
of seismic activity

• Variation with orbital phase

19

Seismological monitoring 
of an ocean world

CAPS, 31 March 2020
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Characterization of landforms and surface processes
in multiple geologic settings

Forward Downward Microscopic

(MacKenzie, Nunez, et al. 2019)

LED illuminated mixture of water ice (white) 
and two tholin flavors (orange + yellow)

Panorama

RGB = 0.935, 0.770, 0.455 μm

2 mm

2 mm

2 m

20 cm 20 cm

CAPS, 31 March 2020
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Characterization of landforms and surface processes 
in multiple geologic settings

Forward Downward Microscopic

Aromatic organics, especially PAHs, exhibit 
fluorescence when stimulated by near-UV light

Panorama

2 mm

2 m

20 cm 20 cm

terrestrial 
silicate 
sand

tonic water 
(quinine)

coronene 
(97%)

detergent w/ 
brightening agentphenanthrene 

(95%)

CAPS, 31 March 2020
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Initial landing site provides access to 
multiple geologic settings

CAPS, 31 March 2020
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• Dunes

• Interdunes

• Impact crater deposits

• Access to sample 
organic sediments and 
materials with a water-
ice component

Organic sediments and materials with a water-ice 
component: dunes, interdunes, impact crater deposits

Organic Sand
Interdune Materials

Ejecta Blanket
Impact Melt

CAPS, 31 March 2020approximate landing ellipse

Organic Sand
Interdune Materials

Ejecta Blanket
Impact Melt
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• Dunes

• Interdunes

• Impact crater deposits

• Access to sample 
organic sediments and 
materials with a water-
ice component

Organic sediments and materials with a water-ice 
component: dunes, interdunes, impact crater deposits

Organic Sand
Interdune Materials

Ejecta Blanket
Impact Melt
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Organic Sand
Interdune Materials

Ejecta Blanket
Impact Melt



• Over 2.5 years of exploration

- ~60 Tsols of science operations

- Traverse distance up to ~180 km

- Exploration of ≥24 unique sites

CAPS, 31 March 2020 25

Dragonfly exploration strategy

approximate landing ellipse



• Over 2.5 years of exploration

- ~60 Tsols of science operations

- Traverse distance up to ~180 km

- Exploration of ≥24 unique sites
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Dragonfly exploration strategy

(Griffith et al., 2019)
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Dragonfly exploration strategy

CAPS, 31 March 2020

• “Leapfrog” exploration strategy to scout future landing sites

• 16-day Titan sols à relaxed operations schedule

- Most of time is spent on the surface making science measurements

Cruise at 400 m above takeoff

Takeoff Landing Candidate Landing Site

Dune Dune

~8.0 km ~8.0 km

Land at 
previously surveyed 

site

Energy-optimal 
climb at 20°

Survey prospective
future site
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Multidisciplinary science measurements at multiple 
landing sites

CAPS, 31 March 2020

• Prebiotic chemistry
- Analyze chemical components and processes at work that produce biologically relevant compounds

• Habitable environments
- Measure atmospheric conditions, identify methane reservoirs, and determine transport rates

- Constrain processes that mix organics with past surface liquid water reservoirs or subsurface ocean

• Search for biosignatures
- Search for chemical evidence of water- or hydrocarbon-based life



Planetary habitats (Priority Questions 4–6):
- identify sources of organics and ongoing organic 

synthesis
- document environments with necessary conditions, 

materials, and energy to sustain life
- search for chemical signatures of past or extant water-

and/or hydrocarbon-based life

Workings of solar systems (PQ 7–10): 
- study atmosphere-surface-subsurface interactions and 

exchange processes and atmospheric processes

Building new worlds (PQ 1–3):
- investigate initial conditions, including processes 

analogous to those that supported prebiotic chemistry on 
early Earth
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Dragonfly science closely tied to Planetary Science 
Decadal Survey cross-cutting science themes

B.
Methane 

Cycle
4, 6, 7, 10 A.

Prebiotic 
Chemistry
4, 6, 7, 10C.

Organic 
Cycle

4, 6, 7, 10 D.
Liquid 

Reservoirs
6, 7, 10

E.
Chemical 

Biosignatures
4, 6, 7, 10



• Helicopter (Lorenz 2000)
• Airship (helium or hydrogen; Levine & Wright 2005; Hall et al. 2006)
• Montgolfière hot-air balloon (Reh et al. 2007)
• Airplane (Levine & Wright 2005; Barnes et al. 2012)
• Sea lander (TiME proposal to NASA Discovery Program, Stofan et al. 2013)
• NASA Titan Explorer Flagship study (Leary et al. 2007)

- Lander + Montgolfière-type balloon
- Two landers

• NASA-ESA Titan Saturn System Mission 
(TSSM; Lunine, Lebreton et al. 2008)
- Montgolfière + lander

30

Titan exploration strategies

With both landed and aerial capability, Dragonfly accomplishes 
science objectives of multiple concepts using current technologies.

R. D. LORENZ

JOHNS HOPKINS APL TECHNICAL DIGEST,  VOLUME 27, NUMBER 2 (2006)142

XdcigVhi!�kVhi�hVcY�hZVh�d[�YVg`�YjcZh�XdkZg�hdbZ�)%��d[�
adl"aVi^ijYZ�iZggV^c!�eZg]Veh�V�Ä[i]�d[�i]Z�Zci^gZ�hjg[VXZ�
VgZV�d[�I^iVc#�

6i�i]Z�ZcY�d[�V�'"nZVg�b^hh^dc�ZmiZch^dc!�8Vhh^c^�
XdjaY� ZVh^an� WZ� ^cigdYjXZY� ^cid� V� adl"bV^ciZcVcXZ�
XnXaZg�dgW^i�WZilZZc�I^iVc�VcY�:cXZaVYjh#�L^i]�b^c^"
bVa� ^ciZgkZci^dc!� ^i� ldjaY� bV`Z� gZeZViZY� ÅnWnh� d[��
Wdi]� WdY^Zh!� n^ZaY^c\� Vc� Z[ÄX^Zci� hX^ZcXZ� gZijgc� Vh�
adc\� Vh� ^ih� hnhiZbh!� egdeZaaVci!� VcY� \gdjcY� hjeedgi�
]daY�dji#�

OUTSTANDING QUESTIONS AND FUTURE MISSIONS
8Vhh^c^�^h�V�b^hh^dc�id�i]Z�HVijgc^Vc�hnhiZb!�cdi�id�

I^iVc#�:kZc�l^i]�i]Z�djihiVcY^c\�gZijgc�[gdb�8Vhh^c ¼̂h�
[dgb^YVWaZ�VggVn�d[�^chigjbZcih�dc�^ih�I^iVc�ÅnWnh!�8Vh"
h^c^�heZcYh�dcan�Vc�]djg�l^i]^c�&%!%%%�`b�d[�I^iVc�dc�
ZVX]�ÅnWn#�>i�^h�a^`Zan�i]Vi�gVYVg�^bV\^c\�V[iZg�i]Z�'"nZVg�
ZmiZcYZY�b^hh^dc�l^aa�dcan�gZVX]�(%·)%��XdkZgV\Z!�VcY�
]^\]"gZhdaji^dc�heZXigVa�bVee^c\�l^aa�]VkZ�hVbeaZY�dcan�
hbVaa�VgZVh#�BjX]� ^h� aZ[i� id�Y^hXdkZg�Vi�I^iVc!�VcY�i]Z�
adc\�\ZhiVi^dc�VcY�YZa^kZgn�i^bZ�d[�b^hh^dch�id�i]Z�djiZg�
hdaVg� hnhiZb� ^h� hjX]� i]Vi� ^i� ^h� VagZVYn� i^bZ� id�Xdch^YZg�
l]Vi�[jijgZ�b^hh^dch�b^\]i�VXXdbea^h]#�

I]ZgZ�VgZ�bVcn�^hdaViZY�hX^Zci^ÄX�fjZhi^dch�id�Xdc"
h^YZg!�Wji�VWdkZ�Vaa�^h�i]Z�cdi^dc�d[�]dl�I^iVc�[jcXi^dch�
Vh�V�hnhiZb#�6�cZhiZY�XnXaZ�ÅjmZh�XVgWdc�Vidbh�VgdjcY#�
>c�Vc�̂ ccZg�]nYgdad\^XVa�XnXaZ!�bZi]VcZ�[dgbh�XadjYh�VcY�
gV^c!�XVgk^c\�X]VccZah�dc�i]Z�hjg[VXZ�VcY�eZg]Veh�VXXj"
bjaVi^c\�^c�edaVg�aV`Zh�WZ[dgZ�ZkVedgVi^c\�V\V^c#�DkZg�
adc\Zg� eZg^dYh!� i]Z� bZi]VcZ� bjhi� XdbZ� [gdb� I^iVc¼h�
^ciZg^dg!� gZaZVhZY� eZg]Veh� [gdb� XaVi]gViZ� ^XZ� gZhZgkd^gh�

WZiiZg� gZhdaji^dc� i]Vc� 8Vhh^c^� VcY� l^i]� bjX]� bdgZ�
XdbeaZiZ� XdkZgV\Z#� 6� \adWVa� ided\gVe]^XVa� YViVhZi!� id�
l]^X]�8Vhh^c^�l^aa�Xdcig^WjiZ�a^iiaZ!�XdjaY�WZ�\ZcZgViZY�
Wn�Vc�dgW^i^c\�Vai^bZiZg�VcY�ldjaY�ZcVWaZ�V�fjVci^iVi^kZ�
hijYn�d[�I^iVc¼h�bZiZdgdad\n�VcY�]nYgdad\n!�bZVhjg^c\�
i]Z�hadeZh�i]Vi�Yg^kZ�l^cYh�VcY�g^kZg�Ådl!�VcY�eZg]Veh�
ZkZc� YZiZXi^c\� i]Z� ZWW� VcY� Ådl� d[� i^YZh� ^c� i]Z� edaVg�
aV`Zh#�Egdadc\ZY�^bbZgh^dc�^c�i]Z�cZVg"I^iVc�Zck^gdc"
bZci� ldjaY� Vaadl� V� [jaa� ZmeadgVi^dc� d[� i]Z� kVg^Vi^dch�
d[� Xdbedh^i^dc�VcY� higjXijgZ� ^c� i]Z�jeeZg� Vibdhe]ZgZ�
l^i]� aVi^ijYZ!�Vai^ijYZ!�VcY�dgW^iVa�edh^i^dc�VcY�eZgb^i�
i]Z�jcgVkZa^c\�d[�i]Z�kVg^djh�Xdcig^Wji^dch�id�i]Z�Vibd"
he]Zg^X� ¹X]Zb^XVa� [VXidgnº� [gdb� bV\cZidhe]Zg^X� ZaZX"
igdch!�i]Z�hdaVg�l^cY!�VcY�JK�a^\]i#�

6c�^bedgiVci�Zc]VcX^c\!�^[�cdi�ZcVWa^c\!�iZX]cdad\n�
[dg�Vc�dgW^iZg� ^h�VZgdXVeijgZ#�Id�WgV`Z� ^cid�dgW^i�VgdjcY�
I^iVc�gZfj^gZh�V� hjWhiVci^Va�kZadX^in�X]Vc\Z��YZaiV�K��d[�
hdbZ�(·)�`b$h!�l]^X]�ldjaY�ZciV^a�V�[dgb^YVWaZ�egdeja"
h^dc� hnhiZb�Wji�XVc�WZ� gZVY^an� VX]^ZkZY�Wn�Y^ee^c\� ^cid�
i]Z�Vibdhe]ZgZ�jedc�Vgg^kVa#�I]^h�^h�V�cVijgVa�ZmiZch^dc�
d[�i]Z�VZgdWgV`^c\�egdXZYjgZ�i]Vi�^h�cdl�gdji^cZan�jhZY�Vi�
BVgh#�I]Z�aVg\Z"hXVaZ�]Z^\]i�Vi�I^iVc�bV`Zh�i]Z�cVk^\V"
i^dcVa�VXXjgVXn�[dg�hV[Z�VZgdXVeijgZ�ZVh^an�VX]^ZkVWaZ�VcY�
`ZZeh�YZXZaZgVi^dc�VcY�]ZVi�adVYh�Ydlc�id�bdYZhi�kVajZh#�

9Zhe^iZ� i]Z� [dgb^YVWaZ� hX^ZcXZ� gZijgc�edhh^WaZ� [gdb�
Vc�dgW^iZg!� ^i� ^h� ^c�h^ij�ZmeadgVi^dc�i]Vi�^h� a^`Zan�id�XVe"
ijgZ� i]Z� ^bV\^cVi^dc� Vi� I^iVc!� bjX]� Vh� i]Z� =jn\Zch�
egdWZ�Y^Y#�6�aVcYZg��;^\#�.��ldjaY�WZ�V�cVijgVa�lVn�id�
bZVhjgZ�i]Z�Xdbedh^i^dc�d[�i]Z�hjg[VXZ�bViZg^Va!�l]^X]�
i]Z�=jn\Zch�egdWZ�h]dlZY�id�WZ�g^X]�^c�dg\Vc^X�bViiZg#�
=jn\Zch¼�^chigjbZciVi^dc�lVh�cdi�YZh^\cZY�[dg�YZiV^aZY��
hjg[VXZ�bZVhjgZbZcih!�nZi� ^i� ^h�dc�i]Z�hjg[VXZ�i]Vi�i]Z�

Figure 9. Artist’s impression of a lander sitting amid Titan’s dune !elds. The sampling arm 
is equipped with a UV lamp to excite "uorescence in speci!c organic compounds. A seis-
mometer/magnetometer package lies in the foreground, connected to the lander by a tether, 
and a meteorology mast is at left. (Artwork by James Garry [www.fastlight.co.uk]; used with  
permission.)
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bdhi�XdbeaZm�VhigdW^dad\^XVa�bViZg^Vah�VgZ�a^`Zan¸eZg"
]Veh�l]ZgZ�XgndkdaXVc^X�bViZg^Vah�]VkZ�^ciZgVXiZY�l^i]�
i]Z� dg\Vc^X� ]VoZ#� BZVhjgZbZcih� b^\]i� ^cXajYZ� \Vh� dg�
a^fj^Y� X]gdbVid\gVe]n� VcY� bVhh� heZXigdbZign� id� add`�
[dg� egZW^di^X� bdaZXjaZh� hjX]� Vh� eng^b^Y^cZh� �[djcY� ^c�
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Figure 10. (Top) Artist’s impression of a hot-air balloon at Titan. 
(Bottom) A simulation of the trajectory of a balloon !oating at a 
"xed 8-km altitude simulated using a general circulation model of 
Titan’s winds. The plot shows the trajectory over several months 
overlaid on a low-resolution map of Titan. 
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Fig. 1 An artist’s rendering of the AVIATR airplane flying over the surface of Titan

of HiRISE at Mars (25 cm/pixel), and this data will be able to constrain
the engineering safety of surface environments for landers. Such landing-
site candidate analysis may include characterization of rock hazards, slope
determinations, the persistence of liquid, and rover trafficability. Our global
wind field measurements can reduce the size of the landing ellipse for those
future missions as they descend through the atmosphere to their destinations.

It is of interest to note that airplanes (and balloons) were advocated at Mars
to attain similar high-resolution imaging goals, bridging the scale gap between
imaging from fixed or roving landers, and orbiters. However, the large imaging
instrument HiRISE on the low-orbiting (∼300 km) Mars Reconnaissance
Orbiter now achieves 0.25 m image sampling [93, 94], eroding the case for
such aerial platforms for imaging. The equivalent orbital imaging capability
is impossible for Titan, since the atmosphere is both physically and optically
thick, forcing orbiters to altitudes higher than 1,000 km, so a near-surface
(aerial) vehicle is necessary to achieve a high enough resolution to characterize
the landscape. Although balloons can achieve large-scale mobility, the wind
field limits the range of locations that can be visited by a single vehicle.
Airships are efficient at very low speeds, but at speeds much larger than
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• Titan Saturn System Mission: orbiter, balloon, lander
- Explore and understand processes common to Earth that occur on another 

body, including the nature of Titan’s climate and weather and their time 
evolution, its geologic processes, the origin of its unique atmosphere, and 
analogies between its methane cycle and Earth’s water cycle.

- Examine Titan’s organic inventory, a path to prebiotic molecules. This includes 
understanding the nature of atmospheric, surface, and subsurface organic 
chemistry, and the extent to which that chemistry might mimic the steps that 
led to life on Earth.

• Titan Lake Probe: floating and/or submersible at Kraken Mare
- Understand the formation and evolution of Titan and its atmosphere through 

measurement of the composition of the target lake, with particular emphasis 
on the isotopic composition of dissolved minor species and on dissolved noble 
gases.

- Study the lake-atmosphere interaction in order to determine the role of Titan’s 
lakes in the methane cycle.

- Study the target lake as a laboratory for both prebiotic organic chemistry in 
water (or ammonia-enriched water) solutions and non-water solvents.

- Determine if Titan has an interior ocean by measuring tidal changes in the 
level of the lake over the course of Titan’s 16-day orbit.
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Titan exploration strategies
Mission Concept Studies for 2013-2022 Decadal Survey
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• Dunes

• Interdunes

• Impact crater deposits

• Access to sample 
organic sediments and 
materials with a water-
ice component

Dragonfly's exploration of Titan

Organic Sand
Interdune Materials

Ejecta Blanket
Impact Melt

CAPS, 31 March 2020



33

Dragonfly's exploration of Titan
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Titan's unique environment

Venus
12,104 km
7,521 mi
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Exploration and discovery on an ocean world to 
determine how far chemistry has progressed in 
environments providing key ingredients for life



http://dragonfly.jhuapl.edu


