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The	
  Venus	
  Surface	
  
•  The	
  Venus	
  surface	
  is	
  obscured	
  

by	
  the	
  thick	
  atmosphere	
  and	
  
clouds,	
  making	
  it	
  difficult	
  to	
  
study	
  

•  A	
  few	
  surface	
  images	
  from	
  the	
  
Soviet	
  Venera	
  landers	
  

•  Surface	
  topography	
  was	
  
characterized	
  by	
  the	
  Magellan	
  
spacecra\	
  (1992-­‐1994)	
  using	
  
radar	
  

•  Few	
  impact	
  craters	
  were	
  
found,	
  indicaXng	
  a	
  geologically	
  
young	
  surface	
  

•  Volcanic	
  features	
  dominate	
  

Venera	
  13	
  

Sapas	
  Mons	
  volcano	
  
(Magellan)	
  



Remote	
  sensing	
  of	
  the	
  surface	
  
•  Telescopic	
  observaXons	
  

of	
  the	
  Venus	
  nightside	
  
revealed	
  narrow-­‐band	
  
emissions	
  

•  Eventually	
  determined	
  
to	
  be	
  thermal	
  emission	
  
from	
  the	
  surface	
  and	
  
lower	
  atmosphere,	
  
absorbed	
  and	
  sca`ered	
  
by	
  the	
  clouds	
  and	
  upper	
  
atmosphere	
  

•  Emission	
  is	
  seen	
  
through	
  atmospheric	
  
“windows”	
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Figure 10. Comparison of (left) cloud-corrected images and (right) synthetic radiance maps for the 1.18- 
and 1.00-/tm windows. The synthetic maps have been Gaussian smoothed to a full width at half maximum 
(FWHM) of 1.2 arc seconds, to simulate terrestrial seeing. 

topographic elevation, cloud-induced contrasts in the infrared 
images were removed using the methods described in section 
5.1.2. The resulting images are used for a quantitative study 
of surface emission. 

To search for variations in surface emissivity as a function 
of surface elevation, the cloud-corrected data were divided 

by a synthetic radiance map that was created with a uniform 
surface emissivity (e = 85%), and a near-surface tempera- 
ture lapse rate of-7.5 K/kin (see next section). The maps 
are shown in Figure 12. The upper image shows the cloud- 
corrected 1.18-/tm image divided by the synthetic radiance 
map. For comparison, the synthetic radiance map is shown 
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Figure 11. Surface thermal emission contribution to emission within the Venus atmospheric windows. The 
solid line spectrum shows the radiative transfer modeling of the expected emission due to both the surface 
and atmosphere of Venus, within the 1.0- to 1.31-/tm atmospheric windows. For comparison, the dotted 
line spectrum shows the emission expected from the atmosphere alone. To obtain this result, the surface 
temperature within the model was set to 1 K. Both spectra show expected emission for a viewing angle of 
21 ø and an atmospheric column terminating at a surface elevation of 0 km. The difference between these 
two spectra shows the expected surface contribution to the radiation observed within each atmospheric 
window. It can be seen that the surface is expected to contribute over 40% of the emission observed in the 
1.18-/tm window, over 60% in the 1.1-/tm window and over 95% of the radiation in the 1.00-/tm window. 
In comparison, the 1.28- and 1.31-/tm windows are expected to show little or no contribution from surface 
emission. 

Meadows	
  and	
  Crisp,	
  1993,	
  JGR	
  101,	
  E2	
  



Venus	
  Express	
  VIRTIS	
  observaXons	
  

•  VIRTIS-­‐M	
  was	
  a	
  near-­‐
infrared	
  (1-­‐5μm)	
  imaging	
  
spectrometer	
  on	
  ESA’s	
  
Venus	
  Express	
  (EOM	
  Jan	
  
2015)	
  

•  The	
  nightside	
  southern	
  
hemisphere	
  was	
  observed	
  

•  CorrelaXons	
  found	
  
associated	
  with	
  geologic	
  
boundaries	
  

•  InterpretaXon	
  is	
  
composiXonal	
  variaXon	
  

lower atmosphere of Venus (see section 2.1) preclude, to
first approximation, local surface temperature variation due
to atmospheric or insolation effects. Endogeneous heat, e.g.,
active volcanic vents or even lava flows, could also be a
source of thermal NIR flux and the coincidence of positive
flux anomalies and relatively young volcanic features
presents this as an attractive explanation. However, the
recent rate of extrusive volcanism is comparable to intra-
plate volcanism on Earth [see Grimm and Hess, 1997, and
references therein]. Cooling heat flux of liquid lava on the
surface is slightly lower than on Earth [Snyder, 2002], but
cooling time scale of the lava is estimated to be in the order
of 1 day; that is, an eruption is not detectable for more than
1 day after its end [Hashimoto and Imamura, 2001]. Areas
of increased flux are up to the order of hundreds of

Figure 12. Map showing flux anomaly A0 in relation to in situ measurements and tessera terrain.
Landing site coordinates of Venera and Vega probes are from Basilevsky and Head [2003]. Tessera terrain
outlines are from the electronic material accompanying the article by Tanaka et al. [1997]. Relation to in
situ measurements is inconclusive. Tessera show a negative flux anomaly. Flux over tessera terrain is less
than in plains and volcanic rises of the same Magellan altimetry values. Only areas with a coverage of
three or more VIRTIS images are mapped here.

Table 1. Volcanic Edifices Correlated With Positive Flux
Anomalya

Diameter (km)

Name Coordinates Anomaly Structure

Mertseger mons 270!E, 37!S 125 450
Shiwanokia corona 278!E, 42!S 200 500
Shulamite corona 284!E, 39!S 200 275
Idunn mons 215!E, 46!S 150 250
Hathor mons 324!E, 38!S 250 333
Ininni mons 328!E, 34!S 125 339

aNames, coordinates, and diameters of volcanic edifices are from the
Web page of the USGS Astrogeology nomenclature database (available at
http://planetarynames.wr.usgs.gov/). Two coronae are included in this
compilation; their flux anomaly is located on the flank of the topographic
rise but outside the annulus.
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VariaXon	
  in	
  derived	
  temperature	
  from	
  
expected,	
  possibly	
  due	
  to	
  composiXonal	
  
(emissivity)	
  heterogeneity	
  

Mueller	
  et	
  al,	
  JGR	
  113,	
  2008	
  



FIRSSTE	
  ObjecXves	
  

•  Determine	
  composiXon	
  by	
  idenXfying	
  unique	
  
mineral	
  species	
  

•  Characterize	
  composiXonal	
  variaXons	
  across	
  
geologic	
  boundaries	
  

•  Locate	
  areas	
  of	
  low	
  chemical	
  weathering	
  
•  Search	
  for	
  areas	
  of	
  current	
  volcanic	
  acXvity	
  



PlaYorm	
  

•  A	
  balloon	
  or	
  airplane	
  
would	
  serve	
  as	
  a	
  
convenient	
  plaYorm	
  
–  Balloons	
  successfully	
  flown	
  
by	
  the	
  Soviet	
  Union	
  Vega	
  
mission	
  in	
  1985	
  

•  At	
  an	
  alXtude	
  of	
  55	
  km,	
  
the	
  environment	
  is	
  
relaXvely	
  benign	
  (~0.5	
  atm	
  
CO2,	
  ~30degC)	
   FOV=26

°	
  

Introduction to the Concept 

• Semi-buoyant propelled aerial vehicle 
– Cruise at 70 km, ~10% buoyant with propellers providing 90% of lift 
– Sinks to 55 km, 100% buoyant for passive flight when propellers off 

• Power source is some (TBD) combination of solar, ASRG, and batteries 

• Key advantages of VAMP in Venus exploration 
1. Entry into Venus atmosphere without an aeroshell 
2. Maneuverability in altitude, latitude, and longitude 
3. Lifetime of months to years 
4. Enhanced payload accommodation capability 
5. Reduced mission risk 

• Supported by orbiting satellite 
– Orbiter delivers VAMP to Venus 
– Orbiter serves as data and communications relay with Earth 

• Results shown here are early products of an       
ongoing effort and may change with further analysis  
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Approved for Public Release.  NGAS Case 13-1131 dated 6/10/13. 

Image	
  credits:	
  Balloon	
  by	
  Tibor	
  Balint,	
  atm	
  plot	
  from	
  2009	
  Venus	
  flagship	
  mission	
  study,	
  VAMP	
  airplane	
  from	
  Northrop	
  Grumman	
  	
  



Instrument	
  requirements	
  and	
  
constraints	
  

•  Coverage	
  of	
  the	
  1.02	
  micron	
  window,	
  where	
  95%	
  
of	
  the	
  signal	
  originates	
  from	
  the	
  surface	
  

•  Coverage	
  of	
  mulXple	
  windows	
  to	
  facilitate	
  cloud	
  
removal	
  

•  Low	
  mass	
  and	
  low-­‐power	
  due	
  to	
  plaYorm	
  
limitaXons	
  
–  This	
  precludes	
  a	
  near-­‐infrared	
  sensor	
  with	
  high	
  
cooling	
  requirements.	
  

•  MulXple	
  sca`ering	
  limits	
  the	
  spaXal	
  resoluXon	
  to	
  
50	
  –	
  100	
  km	
  

	
  



OpXcal	
  Design	
  

•  Simple	
  opXcal	
  design:	
  
Rowland	
  circle	
  
spectrograph	
  with	
  a	
  
single	
  concave	
  graXng	
  

•  Point	
  spectrograph:	
  
one	
  spectrum	
  per	
  
spaXal	
  sample	
  

•  No	
  telescope	
  required	
  
due	
  to	
  wide	
  field-­‐of-­‐
view	
  (26deg)	
  



Instrument	
  Design	
  
•  Shu`er	
  mechanism	
  
for	
  background	
  
measurement	
  

•  Sensor	
  is	
  a	
  1024x122	
  
silicon	
  CCD,	
  with	
  low	
  
noise	
  and	
  low	
  dark	
  
current	
  

•  Stock	
  holographic,	
  
flat-­‐field	
  graXng	
  

•  Heritage	
  from	
  
previous	
  programs	
  
(MESSENGER,	
  AIM,	
  
GOLD)	
  

5.5”	
  
(14	
  cm)	
   8.5”	
  (22	
  cm)	
  

Entrance	
  
slit	
  

Shu`er	
  
mechanism	
  

GraXng	
  Detector	
  

FOV-­‐
defining	
  
aperture	
  



Instrument	
  specificaXons	
  and	
  esXmated	
  
resource	
  requirements	
  

•  Further	
  design	
  work	
  
expected	
  to	
  reduce	
  
mass	
  

•  Power	
  cycling	
  
results	
  in	
  low	
  
consumpXon	
  

•  Times	
  of	
  minimal	
  
clouds	
  can	
  improve	
  
spaXal	
  resoluXon	
  

FIRSSTE	
  specificaXons	
  and	
  accommodaXon	
  

Wavelength	
  range	
   800	
  –	
  1050	
  nm	
  

Spectral	
  resolu2on	
   5	
  nm	
  

Spectral	
  sampling	
   1.6	
  nm	
  

Field	
  of	
  view	
   26°	
  (25	
  km	
  from	
  55	
  
km)	
  

Es2mated	
  spa2al	
  
resolu2on	
  (with	
  clouds)	
  

50	
  –	
  100	
  km	
  (with	
  
clouds),	
  ~40	
  km	
  (no	
  
clouds)	
  

Mass	
   2	
  kg	
  

Power	
   0.2	
  W	
  average	
  
(3	
  W	
  operaXng)	
  

Volume	
   22×14×10	
  cm	
  

Data	
  produc2on	
  rate	
  	
   ~14	
  bits	
  per	
  second	
  



Performance	
  
•  Compared	
  to	
  VEX	
  
VIRTIS-­‐M,	
  FIRSSTE	
  
provides:	
  	
  
–  up	
  to	
  ~2.5x	
  
improvement	
  in	
  
spaXal	
  resoluXon	
  

–  full	
  spectral	
  
coverage	
  across	
  1	
  
μm	
  feature	
  

–  >100x	
  larger	
  SNR	
  	
  
–  no	
  solar-­‐sca`ered	
  
light	
  

800 850 900 950 1000
wavelength (nm)

0

100

200

300

400

SN
R

SNR	
  for	
  a	
  single	
  observaXon	
  
of	
  the	
  Venus	
  nightside	
  with	
  
FIRSSTE	
  	
  

Details:	
  one	
  second	
  integraXon	
  Xme,	
  
brightness	
  from	
  Cassini	
  VIMS,	
  background	
  
subtracted,	
  10	
  rows	
  of	
  binning.	
  



Data	
  processing	
  
•  Surface	
  temperature	
  correcXons	
  

–  The	
  surface	
  exists	
  in	
  thermal	
  equilibrium	
  with	
  the	
  atmosphere	
  
–  The	
  surface	
  temperature	
  is	
  alXtude	
  dependent	
  due	
  to	
  the	
  lapse	
  
rate	
  

–  Like	
  VIRTIS,	
  this	
  effect	
  can	
  be	
  corrected	
  using	
  Magellan	
  
topographic	
  data	
  

•  Clouds	
  have	
  a	
  large	
  opXcal	
  depth	
  
–  Variability	
  causes	
  a	
  change	
  in	
  signal	
  
–  Spectral	
  dependence	
  is	
  gray	
  (flat)	
  and	
  so	
  changes	
  seen	
  in	
  all	
  
transmission	
  windows	
  are	
  due	
  to	
  clouds	
  

–  Atmospheric	
  models	
  can	
  be	
  used	
  to	
  derive	
  a	
  measure	
  of	
  the	
  
absolute	
  emissivity,	
  but	
  the	
  uncertainty	
  is	
  likely	
  high	
  

–  RelaXve	
  and	
  spectral	
  variaXons	
  in	
  emissivity	
  will	
  be	
  well-­‐
determined	
  



Mineral	
  discriminaXon	
  
•  Limited	
  atmospheric	
  

transmission	
  windows	
  
preclude	
  conXnuous	
  
spectroscopy	
  

•  However,	
  mulXple	
  bands	
  
can	
  separate	
  many	
  
species	
  of	
  important	
  
petrologic	
  significance	
  

•  For	
  example,	
  tesserae	
  
are	
  topographic	
  high	
  
areas	
  hypothesized	
  to	
  be	
  
of	
  felsic	
  (low	
  iron)	
  
composiXon	
  in	
  contrast	
  
to	
  basalXc	
  (high	
  iron)	
  
lowlands.	
  

completion, and predicts that Ca-rich silicates should still be pre-
sent in surface materials of average age (Zolotov, 2007).

The carbonitization of silicates in basalt has been proposed by a
number of authors (e.g., Nozette and Lewis, 1982; Fegley et al.,
1997). Experiments in a Venus environmental chamber show that
calcite (CaCO3) develops an anhydrite crust under a SO2-rich atmo-
sphere at Venus temperature (Fegley and Prinn, 1989; Aveline
et al., 2011). Furthermore, calcite, dolomite (CaMg(CO3)2) and side-
rite (FeCO3) are thermodynamically unstable at Venus conditions
of no water and high SO2 fugacity (Fegley and Treiman, 1992;
Zolotov, 2007). Thus carbonates are not expected to be present in
Venus surface materials weathered under current conditions.

The redox state of the Venus atmosphere is poorly constrained.
Visible and near infrared spectra of the Venus surface collected by
Venera 9 and 10 are consistent with the presence of hematite
(Fe2O3) (Pieters et al., 1986). Observational and theoretical model-
ing suggests that the redox state of the Venus surface should be at
the magnetite/hematite buffer (Fegley et al., 1997). This would pre-
dict that Fe-rich silicates and sulfides should oxidize to magnetite
(Fe2+Fe3+

2 O4) and then hematite through reactions that may involve
CO2 or SO2 (Zolotov, 2007). The rate of this reaction is not known.
Some stratigraphically young volcanic flows on Venus are associated
with high 1 lm emissivity relative to the average plains value
(Helbert et al., 2008; Mueller et al., 2008; Smrekar et al., 2010).
Fresh or slightly modified basalt spectra have an emissiv-
ity = (1 ! reflectivity) close to the physical maximum of 1 (Clark
et al., 2003), therefore Smrekar et al. (2010) interpret this relatively
lower emissivity of the stratigraphically older plains as the effect of
chemical weathering of basalts to its expected weathering products
such as hematite (Smrekar et al., 2010). If these stratigraphically
young flows are unweathered and the plains are weathered to hema-
tite, it is reasonable to infer from these observations that the oxida-
tion of Fe silicates and sulfides in venusian basalts creates a
weathering rind that is optically thick to 1 lm radiation at the average
surface age of 500–700 Ma but not in "10s ka (Smrekar et al., 2010).

Felsic materials have not yet been measured directly at Venus.
We assume that any Venus felsic materials are similar to the other
terrestrial planets and apply a generic definition of granitoids
dominated by quartz (SiO2), K-feldspar (KAlSi3O8), and plagioclase
feldspar. We assume that any Venus anorthosite is dominated
by anorthite. Under current surface Venus conditions feldspars
should weather to anhydrite and any iron bearing minerals (e.g.,
Fe-oxides, biotite, amphibole) would oxide to magnetite and
hematite as outlined above. Because Fe-bearing minerals are
volumetrically low in felsic rocks, we expect felsic rocks on
Venus weathered in the modern environment to be dominated
by Ca, Al, Na minerals and anhydrite.

In summary, we assume here that the venusian plains are basal-
tic comprising pyroxene, plagioclase and olivine. We expect that
the weathering of Venus basalts under present day conditions will
produce hematite via the oxidation of Fe-bearing silicates and sul-
fides and anhydrite via the decomposition of Ca-bearing silicates.
Because of the color of the rocks at Veneras 9 and 10 (Pieters
et al., 1986), and the average values of the 1 lm emissivity of
Venus plains (Mueller et al., 2008; Smrekar et al., 2010) we assume
that basalts of average surface age have been oxidized to a depth
that >VIRTIS penetration depth. Because of the S/Ca data for V13,
14, V2 and the slow weathering rates predicted for the formation
of anhydrite from Ca-bearing silicates, we assume that anhydrite
formation has not proceeded to completion in surface rocks (e.g.,
Zolotov, 2007). This is supported by the fact that the 1 lm emissiv-
ity of the Venus plains measured by several instruments is incon-
sistent with pure anhydrite (e.g., Smrekar et al., 2010). Thus, we
assume that Venus weathering does not produce enough anhydrite
to dominate the 1 lm emissivity of typical plains materials over
the average age of the surface.

2.2. Emissivity of Venus surface minerals at 1 lm

In common silicate minerals, 1 lm reflectance is controlled by
crystal field spectra of transition metal ions in the crystal lattice.
As Fe2+ is the most common transition metal in silicates, 1 lm
reflectance is dominated by and positively correlated to ferrous
iron content, where olivine and pyroxenes have low reflectance,
and quartz and feldspars have high reflectance (e.g., Hunt and
Salisbury, 1970, Fig. 1). Hematite has a reflectance band minimum
at "0.86 lm attributed to crystal field transitions of Fe3+ (e.g.,
Morris et al., 1985). One micron reflectance of sulfates is also dom-
inated by iron in coordination with H2O, OH and SO4 (e.g.,
Rossman, 1976), consequently, anhydrous sulfates have a uni-
formly high reflectance across the 1 lm region (Cloutis et al.,
2006, Fig. 1).

Few studies have examined the effect of temperature on the
reflectance of Venus-relevant materials. High temperature
(6400 K) reflectance spectra of olivine and pyroxene show that
the one micron absorption broadens but maintains its intensity
in these minerals (Singer and Roush, 1985; Hinrichs and Lucey,
2002), but these temperatures are far below the surface tempera-
ture of Venus at 740 K. Pieters et al. (1986) report high tempera-
ture 500 !C spectra of basalt that show little change in the
spectra of basalt and a broadening and shift to longer wavelengths
of the Fe3+ bands of hematite over the 0.4–0.8 lm, but 1 lm data
are not reported. Recent investigation into the effects of high tem-
peratures (500 !C) of komatiites in reflectance (Maturilli et al.,
2014) and a set of rocks and minerals in emission (Helbert and
Maturilli, 2009; Helbert et al., 2015) suggest that the changes in
the spectra are complex and significant laboratory work is required
fully characterize temperature effects on the spectra of minerals
and rocks.

The emissivity, e, of minerals at 1 lm is typically calculated
using Kirchoff’s Law:

Fig. 1. Room-temperature spectra of common rock-forming minerals relevant to
Venus. Reflectance values are converted to emissivity using Kirchoff’s Law and
assume that these minerals may behave similarly at Venus surface temperatures.
Mineral formulae are idealized. Reflectance spectra from Clark et al. (2003), where
olivine = sample HS420, diopside = HS15.3B, hematite = GDS27, microcline =
HS107, anorthite = HS201, quartz = HS32, and anhydrite = GDS42 < 250 lm.
Position of the Venus 1.02 lm atmospheric window is indicated. Range of mean
1.02 lm emissivity of mapped units (see Fig. 2) converted from radiance anomaly
values using Eqs. (2) and (1) and using models presented in Table 1.

352 M.S. Gilmore et al. / Icarus 254 (2015) 350–361

Gilmore	
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  of	
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  Regio,	
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  254,	
  350-­‐361.	
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Summary	
  
•  FIRSSTE	
  is	
  a	
  near-­‐infrared	
  point-­‐spectrograph	
  to	
  
measure	
  the	
  emissivity	
  of	
  the	
  Venus	
  surface	
  

•  As	
  a	
  compact,	
  low-­‐mass,	
  low-­‐power	
  instrument,	
  
FIRSSTE	
  is	
  suitable	
  for	
  a	
  balloon	
  or	
  airplane	
  
plaYorm	
  

•  ObjecXves	
  include:	
  determinaXon	
  of	
  composiXon	
  
through	
  mineralogy,	
  search	
  for	
  areas	
  of	
  low	
  
chemical	
  weathering	
  and	
  possible	
  acXve	
  
volcanism	
  

•  CapabiliXes	
  significantly	
  improve	
  upon	
  the	
  VEX-­‐
VIRTIS	
  observaXons	
  



Backup	
  



Effects	
  of	
  the	
  atmosphere	
  
•  Thermal	
  emission	
  
from	
  the	
  surface	
  is	
  
sca`ered	
  by	
  the	
  
clouds	
  and	
  
absorbed	
  by	
  CO2	
  
and	
  H2O.	
  

•  This	
  leaves	
  a	
  few	
  
“windows”	
  
through	
  which	
  we	
  
can	
  see	
  the	
  
surface	
  directly	
  

Cloud	
  
sca`ering	
  

CO2,	
  H2O	
  
absorpXon	
  

surface	
  


