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• Mariner 10 – the last in 
the Mariner series –
was the first spacecraft 
to visit Mercury.

• Launched in November 
1973, Mariner 10 flew 
by Mercury three times, 
in March and 
September 1974 and 
March 1975.

Mariner 10 backup spacecraft, Udvar-Hazy Center.

Mariner 10 (1973–1975)



• Mariner 10’s first flyby 
detected a magnetic field 
near Mercury.

• Mariner 10’s third flyby (at 
high latitude on Mercury’s 
night side) confirmed that 
the field is internal.

• A dipole field could fit the 
data, but there were large 
uncertainties.

Mariner 10 third flyby observations of Mercury’s 
magnetic field [Connerney and Ness, 1988].

Mariner 10 and Mercury’s Magnetic Field



• Mariner 10 imaged about 
45% of Mercury’s surface.

• Heavily cratered terrain 
was thought to be 
comparable in age to the 
lunar highlands.

• Smooth plains were seen 
to be less cratered and 
younger, but unlike the 
lunar maria are not darker 
than the surrounding 
highlands.

Mariner 10 mosaic of the Caloris basin.

Mariner 10 and Mercury’s Geology



• LPI convened a topical 
conference on 
Comparisons of Mercury 
and the Moon in 
November 1976.

• A number of the papers 
given at the conference 
were collected into a 
special issue of Physics of 
the Earth and Planetary 
Interiors (1977).

LPI Topical Conference (1976)



Mercury’s Exosphere

• Mariner 10 had detected 
H and He in Mercury’s 
exosphere and set an 
upper bound on O.

• Planetary astronomers 
later detected Na (1985), 
K (1986), and Ca (2000).

• It was recognized that 
these last three species 
had to be derived from 
Mercury’s surface.

Image of Na D2 emission at Mercury, McMath Solar 
Telescope [Potter and Morgan, 2002].



Mercury’s Polar Deposits

• Radar astronomers 
discovered Mercury’s 
polar deposits in 1992.

• The diurnal variation in 
temperature at the 
equator is 600°C, but 
polar craters offer “cold 
traps” in areas of 
permanent shadow.

• Polar deposits may 
thus provide a record of 
solar system ices.

Arecibo radar image of 
north polar region



Mercury Orbiter Mission

• MESSENGER was selected as 
the 7th mission in NASA’s 
Discovery Program in July 
1999. 

• Launched in August 2004, 
MESSENGER flew by Earth 
once (2005), Venus twice (2006 
and 2007), and Mercury three 
times (2008 and 2009) before 
Mercury orbit insertion (2011).

• MESSENGER orbited Mercury 
from March 2011 to April 2015.



Mercury Flybys



First Flyby Results Shared

Results from 
MESSENGER’S 
first Mercury 
flyby were 
presented first at 
the 39th LPSC.



Mercury’s Surface Composition



Volcanic Plains and Features

Head et al. [2011], Byrne et al. [2013]

Denevi et al. [2013], Byrne et al. [2018]

Most of Mercury’s 
crust is now thought to 
have been emplaced 
volcanically.

Smooth plains



• Mercury’s tectonic 
features are dominated 
by shortening 
structures, some 
organized into large-
scale belts.

• Cumulative global 
contraction a factor of 
~5 greater than 
previously thought.

• Extensional landforms 
mostly confined to 
impact structures.

Byrne et al. [2014]

Mercury’s Tectonic Features



Blewett et al. [2011]

• Hollows are shallow rimless 
depressions within craters and 
basins and distinct to Mercury.

• They’re associated with low-
reflectance material and are 
more abundant on sunward-
facing slopes.

• They host few to no 
superposed impact craters.

• Their formation must be recent 
to ongoing, likely through loss 
of some volatile material.

Mercury’s Hollows



Magnetic Field

Zurbuchen et al. [2011]

• Mercury is the 
only inner 
planet other 
than Earth that 
hosts a global 
magnetic field.

• Mercury’s 
magnetosphere 
is a miniature of 
that at Earth.



Offset Magnetic Dipole

 Orbital observations confirm 
that Mercury’s magnetic field 
is dominantly dipolar.

 However, the dipole is offset 
about 0.2 planet radii north of 
the planet center.

Surface field at north pole is 
larger than at south pole by a 
factor of ~3.

Surface area of open magnetic 
flux in the southern 
hemisphere is larger than in 
the northern hemisphere by a 
factor of ~4.

Anderson et al. [2011]



Signals are small, ~ 1–5% of total field.
Resolvable only at altitudes < 60–100 km. 
Altitude dependence indicates shallow source.

Johnson et al. [2015]

Mercury’s Crustal Fields



Clear-filter imaging 
revealed fine details 
within shadowed 
regions. Brightest 
area of floor 
corresponds to 
polar deposit 
imaged by Earth-
based radar, and 
surface temperature 
is consistent with 
stable water ice.

Chabot et al. [2014]

Prokofiev Crater (112 km diameter)



Fuller Crater (27 km diameter)



What Is the Dark Material?

On the basis of reflectance, temperature stability 
limits, and observations of comets, outer solar 
system objects, and meteorites, that material is 
likely to consist of organic compounds.

Water ice is lost in areas 
that receive some 
sunlight, concentrating a 
surficial dark component 
that is stable to higher 
temperatures. 

Leading scenario: Water ice and other frozen 
volatiles are delivered by comets or volatile-rich 
asteroids. A fraction of the ices are trapped in 
cold areas on the surface.



Altitude 
< 50 km

Next to Mercury: BepiColombo

Suisei 
Planitia 
region



Venus:
Reflections & Looking Ahead

Dr. Lori S. Glaze
NASA’s Goddard Space Flight Center

March 17, 2018

Venus Through Time4Ga? Today



1988 LPI Graduate Fellow

3/17/18 LPI 50th Symposium 2

• In 1988 …
– The LPI was housed in the West 

Mansion
– I was finishing my Master’s degree 

at the University of Texas, Arlington
– I had an opportunity to work with 

Peter Francis (who had written the 
book that set me on my path to 
study volcanology)

– The fellowship produced two 
papers on remote sensing 
observations of Lascar volcano

– Thank you Peter, and thank you LPI!

James and Jesse West Mansion (Built in 1930)
Home to LPI 1969 - 1992

Peter Francis 
(1944 – 1999)



Venus before LPI (pre-1968)
• Venus transit 1761: 

– Venus has an atmosphere [Lemonosov]

• Mariner 2 (1962), 5 (1967), and 10 (1974): 
– Venus’ clouds are “cool” and the surface is HOT! 

• Early Venera missions (1-4):  
– The near surface atmosphere is hot and high 

pressure (Venera 4 almost survived to the 
surface)

3/17/18 LPI 50th Symposium 3

Mariner 10 image of Venus



• The Venera program demonstrated technical 
capability to land and survive
– Venera 13 still holds the world record at 127 minutes of 

operation on the Venus surface
– 1969: Venera 5/6 returned first atmospheric data before 

being crushed
– 1970: Venera 7 was the first human-made probe to send 

data back from the Venus surface
• 1972 – 1982: Venera 8 – 14

– Took pictures of four landing sites (9, 10, 13, & 14)
– Indicated the bulk chemistry of volcanic plains is 

basically basalt, but …
• Uncertainties persist
• No mineralogy
• Only volcanic plains were visited

• 1983: Venera 15/16 radar orbiters peeked through 
the clouds to see the northern hemisphere

Heyday of Venera exploration 
(1968 – 1983)

3/17/18 LPI 50th Symposium 4

Artists rendition based on Venera 13 surface image
(Credit Don. P. Mitchell)

Venera Landers captured photos 
of four landing sites



USA gets in the act (1978)
• Pioneer Venus orbiter observed sulfur 

dioxide abundance “spike” at the cloud tops
– Could active volcanoes cause this??

• Pioneer Venus probes demonstrated ability 
to operate during descent and measured
– Atmospheric composition (some)
– D/H measurement indicates lots of water in the 

past
• But… the Large Probe inlet clogged & all four 

probes stopped transmitting in deepest 
atmosphere
– Data set is incomplete
– Major knowledge gaps below the clouds

3/17/18 LPI 50th Symposium 5

Pioneer Venus Orbiter
(1978 – 1992)Pioneer 

Venus 
Large 
Probe



The last in situ mission (1985)
• 1985: Vega was the last mission to make measurements 

from within the Venus atmosphere
• The Vega program demonstrated technical capability for 

aerial missions in the Venus cloud layer
– Two balloons each floated at ~54 km and lasted almost 2 days
– Although designed to work on the night side, both balloons 

continued to transmit for ~12 hours after crossing the 
terminator

– Measured temperature, pressure, wind speed, aerosol density
• The two Vega landers were the last to touch the surface 

– Vega-1 deployed early
– Vega 2 provided the only data we have in the lowest 12 km 

(some limited temperature, pressure, wind data)

3/17/18 LPI 50th Symposium 6

Vega Balloons each carried 
6.9 kg gondola 

Vega Landers were
similar to Venera 



Unveiling Venus! (1989 – 1992)
• 1989: 

– Lori’s professional career began at JPL
– Magellan was launched (entered Venus orbit in 1990)

• Two Earth years of Magellan mapping gave us
– Near global image coverage at ~100 m/pixel 
– Altimetry with ~100 m vertical precision and many-km 

horizontal resolution
– revealed a fascinating surface covered in volcanic and 

tectonic features
• Left far more questions!!!  

– Need better image resolution! 
– Need topography analogous to Mars, Moon, Mercury! 
– Need surface composition!

3/17/18 LPI 50th Symposium 7

Magellan at 
Venus



Europe makes a stand! (2006 – 2014)

• 2005: Venus Express was launched 
(arrived in 2006; operated until 2014)
– 24 hour, near-polar orbit with apoapsis

over the south pole
– Essentially a re-use of the Mars Express 

mission (not really optimized for Venus 
science)

• Key discoveries
– New “spikes” in SO2 abundance at the 

cloud tops
– D/H above the clouds is variable and up to 

3 times greater than Pioneer Venus value
– Surface emissivity in infrared indicate

• “recent” or even current volcanism
• Tessera composition different from plains

3/17/18 LPI 50th Symposium 8

”Recent” volcanic deposits at Idunn Mons 
[Smrekar et al., 2010]



JAXA’s dramatic arrival (2010)
• 2010: Akatsuki launched and missed 

first attempt for orbit insertion
• 2015: Used attitude control thrusters 

to achieve equatorial orbit becoming 
the first meteorological satellite at a 
planet other than Earth

• 2018: 
– Most instruments are still working
– Most dramatic science result is the 

discovery of standing waves over high 
topography at low latitudes

3/17/18 LPI 50th Symposium 9

Reference frame is fixed on longitude
Yellow = dawn terminator

Blue = dusk terminator
White lines indicate topography

Standing wave observed twice over Aphrodite Terra 
by Akatsuki LIR camera between 12 – 16 h local time



What’s Next?

3/17/18 LPI 50th Symposium 10

2005 – Present
Venus Express and Akatsuki characterized 
dynamics, composition, and meteorology of 
the upper atmosphere 

Probe/Lander: Addresses need for an in situ mission..
To fill knowledge gaps regarding planetary origin, water 
history, and surface composition

Orbiter: Addresses questions left by Magellan…
Using a modern radar with improved spatial resolution and 
ability to provide topography at geologic process scales

Could be complemented by infrared observations tailored 
to the seeing through the Venus atmosphere



Dailydoseofcolor.com3/17/18 LPI 50th Symposium 11

> 3,700 Exoplanets have been confirmed
(as of 2/22/18 [NASA Exoplanet Archive] – growing every day)

Many of these exoplanets are in the Venus-Zone [Kane et al. 2014]. But … 

data are lacking to understand where these planets fit along evolutionary pathways.

New Venus missions aren’t just for Venus!

Stephen Kane just submitted a white paper to National 
Academy call for Exoplanet Science Strategy advocating 

for in situ and orbital Venus missions!



Current NASA plans for Venus

3/15/18 RHG Symposium 12

• Discovery program:
2015 competition: 
4 Venus missions submitted to 

Step 1
2 Venus concepts selected for 

Phase A study
Neither selected to fly

Next solicitation will be in 
Spring 2019

New Frontiers program: 
2017 competition: 
3 of 13 proposals submitted 

targeted Venus
None selected for Phase A 

Next solicitation expected in 
~2022



CubeSats & Smallsats: High risk 
for limited science?

3/17/18 LPI 50th Symposium 13

12U orbiter

Example: CUVE (PI Valeria Cottini)

CUVE (Cubesat UV Experiment)
Characterize the “unknown” UV-absorber

Seismicity Investigation on Venus Using 
Airglow Measurements
Tectonic activity from aerial platform

SAEVe (Seismic and Atmospheric 
Exploration of Venus)
Long-lived seismic station

Cupid’s Arrow
Gas measurements in upper atmosphere

Planetary Science Deep Space Small Sat Studies (PSDS3) Program
Has funded 4 Venus concept studies that may be appropriate for SIMPLEX or other opportunities



International Opportunities?
Other agencies are also thinking about Venus

(but no firm plans)

3/15/18 RHG Symposium 14

Current call for “Medium” 
class missions is underway

EnVision is a Venus orbiter 
with radar and infrared 
spectrometer

Developing a concept called “Venera-D” 
(long-lived)

NASA is funding US participation in a 
joint US-Russian Science Definition Team

Mission includes orbiter and lander

Possible US contributions: Long-lived 
package and aerial platform

EUROPE RUSSIA

Earliest launch probably late 
2020s, 2031, or later

If selected, probably wouldn’t 
launch until late 2020s



Summary

3/17/18 15LPI 50th Symposium

There are currently NO planned Venus missions by any international space agency

• The last 50 years revealed that Venus evolved very differently 
from Earth; understanding those differences is critical for 
characterizing newly discovered exoplanets

• Past missions demonstrated technology and provided well 
defined questions, but left major gaps in scientific 
understanding

• The next major step in understanding Venus (and exo-Venuses) 
requires measurements made from within the atmosphere 
and/or the surface as well as improved imaging, topography, 
gravity and global composition
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What’s in Venus’ future?
• Several efforts are under way to 

extend surface lifetime:
– Development through NASA’s HOTTech

program of high-temperature sensors, 
electronics, power, communications, and 
data storage

– NASA Glenn is currently testing sensors 
(temperature, pressure, simple gas 
composition) for up to 60 day lifetime

• Such a package may be available as a 
technology demonstration in the next 2-3 
years

• Data storage requires a lot of power; current 
design is direct-transmit only

3/17/18 LPI 50th Symposium 17

Long-Life In situ Solar System Explorer
In development by NASA Glenn Research Center



2017 Aerial Platforms Study

3/15/18 RHG Symposium 18

Single-Altitude “Super-
Pressure” Balloon 

(e.g., Vega at 55 km)
Variable-Altitude
Balloon (reversible
fluid or compression) 

3-D Control
Vehicles

Near-surface
(< 5 km) mobility

Northrop Grumman’s VAMP (Venus 
Atmospheric Maneuverable Platform)

NASA GRC Venus Airplane

Soviet 
Vega

Thin Red Line Compressible Balloon
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• Venera (USSR; 1961 - 1983)
– Multiple probes/landers/orbiters

• Mariner 2 (US; 1962)
– Fly-by spacecraft

• Pioneer Venus (US; 1978-1992)
– Orbiter & probes

• Vega (USSR/Europe; 1985)
– Lander & 2 balloons

• Magellan (US; 1989 - 1994)
– Orbiting radar

• Venus Express (ESA; 2006 – 2014)
– Orbiter, cloud chemistry & dynamics

• Akatsuki (JAXA; 2015 – ?)
– Orbiter, meteorology & lightning

Brief history of Venus exploration



Paul D. Spudis
Lunar and Planetary Institute

March 17, 2018

Revealing the Moon
Fifty Years of Discovery at the Lunar Science (and Planetary) Institute



Beginnings
Established by Presidential fiat, 
March 1968

A home for academic scientists 
studying the lunar samples 

Sited on grounds of West Mansion, 
Clear Lake 1969-1991

Dedicated facility near UH-Clear 
Lake, 1991-present

2



The Early Years
Lunar sample analysis (PET)

Lunar Science Conferences

Lunar Science Workshops
Impact breccias and melts
Lunar magnetism and global geophysics
Mare volcanism

Apollo image data analysis; beginnings of 
the Data Center collections

Expansion from lunar to planetary science 
(LSI becomes LPI, 1978)

3



Lunar Science Contributions
1970 - Fred Hörz   impacts, regolith, rock destruction
1972 - John Lindsay    regolith petrology

Chuck Simonds   impact melts, breccias, 
Manicouagan
Arch Reid  lunar impact glasses, meteorites

1974 - Dave Criswell    space development
Ross Taylor   lunar science synthesis
Len Srnka   lunar magnetism, volatiles

1977 - Pete Schultz    lunar geology, morphology, FFC, 
mare volcanism, cratering experiments
A. Basu    regolith petrology
Tony Irving  lunar petrology, KREEP basalts

1980 - Steve Croft    cratering, z-model
Claude Herzberg  petrology of lunar plutonic 
rocks

1981 - Dave Walker   theoretical petrology
Dieter Stöffler   cratering, lunar breccias

1985 -2002 - Graham Ryder  lunar petrology, site geology, 
cratering history

1989 - Don Burt    lunar resource mining and processing

1991 - Paul Spudis   lunar science, exploration, basins, polar

1995 - Ben Bussey  Clementine polar studies, basin 
compositions

1995 - Jeff Gillis  Clementine far side mare mapping

2005 - Marc Norman   lunar breccias and crater chronology

2006 - David Kring   lunar exploration, early bombardment of 
Moon, lunar petrology, CLSE

2010 - Katie Joy   lunar samples and meteorites

2011 – Juliane Gross  lunar meteorites

2012 - Ross Potter  numerical modeling of basins

Georgiana Kramer  lunar spectra and mapping, swirls

Walter Kiefer  gravity and crustal porosity

Pat McGovern  gravity and lithospheric modeling

2014 - Debra Hurwitz  sinuous rilles, SPA melt sheet

2015 – Julie Stopar  lunar landforms, young volcanism



The 1970s



The 1970s
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Ancient Mare Volcanism
Schultz and Spudis 1979

The significance of dark haloed 
impact craters

Dark halo craters on Imbrian age light 
plains

Distributed globally (as far as we 
could tell from available 
photography)

Additional evidence from lunar 
sample analyses (mare clasts in 
breccias, high-Ca pyroxene clasts 
in highlands rocks) and remote 
sensing (mafic anomalies and 
DHCs)

Significant extrusion of mare lava 
prior to end of heavy bombardment

DHC formational sequence (Hawke and Bell, 1981)
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Young Mare Volcanism
Schultz and Spudis 1983

Lichtenberg: Rayed crater embayed by mare 
lavas in SE quadrant

High resolution Apollo 15 pan frames show 
thin lavas covering crater ejecta and 
embaying “superposed” craters

Flamsteed P mare
Crater counts document young age (comparable 

to those on Copernicus)
Corroborating evidence: thin regolith (via Quaide 

and Oberbeck concentric crater technique)
Surveyor 1 site provides direct measurements of 

regolith (~1 m thick)from diameters of smallest 
craters that excavate bedrock

Identified numerous mare flows with ages 
much younger than Apollo 12, up to and 
slightly younger than Copernicus

Although most of these flows are in 
Procellarum, Mare Smythii also young 
(misreported in BVSP 1981)



The  1980s



Lunar Petrology
Graham Ryder, 1976-2002

Graham was an igneous petrologist and 
approached the Moon from that perspective

Major contributions to consortia (Indomitabile
and Imbrium); developed criteria for recognition 
of multi-ring basin impact melt ejecta

Prepared detailed sample catalogs for Apollo 
15-17, giving him broad yet detailed 
understanding of the collections

Developed models of lunar crust that invoked 
magma oceans and subsequent serial 
magmatism

Proved volcanic origin for Apollo 15 KREEP 
basalts

Additional work on volcanic glasses, crustal 
origin of olivine-rich rocks



Cratering History of the Moon
The Cataclysm and Graham Ryder, 1990-2002

Ryder publishes paper in EOS 1990, 
resurrecting the cataclysm hypothesis

In usual, provocative style, advocates ALL 
visible craters and basins form ~3.9 Ga

Uproar in cratering community (blowback 
from Shoemaker, Hartmann)

Basic observation: almost no impact melts in 
Apollo collection older than ~3.9 Ga

Spurs new research on cratering, dynamic 
models of planetesimal storage and use

Currently near complete agreement on lunar 
cataclysm



The 1990s



The New Millennia



The Lunar Poles and Their Significance
Paul Spudis, Ben Bussey, David Kring 1996-present

Improvised RF experiment on Clementine suggested 
possible ice at south pole of the Moon

Continued work at LPI to refine Clementine results, get 
new radar mapper to orbit Moon. 

First quantitative polar illumination maps

LP finds excess hydrogen at both poles

Mini-RF flies on India’s Chandrayaan-1 and USA 
Lunar Reconnaissance Orbiter

Continued study of multiple data sets (visible, IR, UV, 
radar, gamma-ray) confirm water present in quantity at 
lunar poles; debate concerns amounts, physical 
states, accessibility

Continuing work on utilization of lunar water and quasi-
constant sunlight to create new spaceflight capabilities

Influenced selection of the poles for Constellation.



Lunar Polar Water
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Lunar Science Contributions
1970 - Fred Hörz   impacts, regolith, rock destruction
1972 - John Lindsay    regolith petrology

Chuck Simonds   impact melts, breccias, 
Manicouagan
Arch Reid  lunar impact glasses, meteorites

1974 - Dave Criswell    space development
Ross Taylor   lunar science synthesis
Len Srnka   lunar magnetism, volatiles

1977 - Pete Schultz    lunar geology, morphology, FFC, 
mare volcanism, cratering experiments
A. Basu    regolith petrology
Tony Irving  lunar petrology, KREEP basalts

1980 - Steve Croft    cratering, z-model
Claude Herzberg  petrology of lunar plutonic 
rocks

1981 - Dave Walker   theoretical petrology
Dieter Stöffler   cratering, lunar breccias

1985 -2002 - Graham Ryder  lunar petrology, site geology, 
cratering history

1989 - Don Burt    lunar resource mining and processing

1991 - Paul Spudis   lunar science, exploration, basins, polar

1998 - Ben Bussey  Clementine polar studies, basin 
compositions

1999 - Jeff Gillis  Clementine far side mare mapping

2005 - Marc Norman   lunar breccias and crater chronology

2006 - David Kring   lunar exploration, early bombardment of 
Moon, lunar petrology, CLSE

2010 - Katie Joy   lunar samples and meteorites

2011 – Juliane Gross  lunar meteorites

2012 - Ross Potter  numerical modeling of basins

Georgiana Kramer  lunar spectra and mapping, swirls

Walter Kiefer  gravity and crustal porosity

Pat McGovern  gravity and lithospheric modeling

2014 - Debra Hurwitz  sinuous rilles, SPA melt sheet

2015 – Julie Stopar  lunar landforms, young volcanism



A New Era in Lunar Science and Exploration
The world is going to the Moon

The discovery of usable and 
accessible lunar resources changes 
the paradigm of spaceflight

The LPI is positioned to help lead 
the space community into this new 
era

Permanent human presence on the 
Moon creates new opportunities for 
knowledge of and capability in space



LPI at 40!



Comparative Planetary 
Petrology: Volatile contents of 

basaltic rocks through the inner 
solar system

Justin Filiberto1,2 and Francis McCubbin3

1Southern Illinois University – Carbondale; 2The Open 
University; 3NASA JSC



Introduction
 Dissolved volatiles have enormous effects on 

basalts genesis
– Partial Melting 
– Crystallization
– Degassing

 Implications for habitability



Mantle Melting
Fluid Fluxed Melting Decompression Melting

after USGSFrom wikipedia



Relevant Concentrations
Tectonic 
Setting

H2O
Conc.

(wt %)

Cl Conc.
(ppm)

F
Conc. 
(ppm)

Refs.

Subduction
zone basalts

<8 7000
80-4100

>1800 Johnson 2008
Wallace 2005
Benjamin et al. 
2007

OIB <0.6 24-1400 1000 Dixon et al. 1997, 
2001, 2002
Aoki et al. 1981
Dixon & Clague
2001

MORB <0.2 1-580 85-350 Michael & Cornell 
1998
Michael & Chase 
1987
Aoki et al. 1981
Saal et al. 2002



What about the Moon?

http://www.psrd.hawaii.edu/April07/Moon2Views.html



Apatite from Mare basalts also indicate that Cl 
is depleted relative to H2O and F

Apatite from mare basalts indicate H2O ≥ F > 
Cl

Pyroclastic glasses, melt inclusion glasses, 
and apatites all indicate the mare source has 

H2O > F > Cl  

Ap

14053

McCubbin et 
al., 2011, GCA

Boyce et al., 
2010, Nature

12033

Lunar Apatite



Relevant Concentrations
Basalt 
Type

H2O
Conc.
(wt%)

Cl
Conc.
(ppm)

F
Conc. 
(ppm)

References

Subduction
zone basalts

<8 7000
80-4100

>1800 Johnson 2008
Wallace 2005
Benjamin et al. 2007

OIB <0.6 24-1400 1000 Dixon et al. 1997, 2001, 2002
Aoki et al. 1981
Dixon & Clague 2001

MORB <0.2 1-580 85-350 Michael & Cornell 1998
Michael & Chase 1987
Aoki et al. 1981
Saal et al. 2002

Lunar magmas ≤0.09 ≤850 ~10 McCubbin et al. 2010
Boyce et al. 2010
Saal et al. 2008



What about Mars?
 Some researchers have argued that martian

magmas contained up to 2 wt% H2O (prior to 
eruption).
(e.g., Dann et al. 2001; Johnson et al. 1991; McSween et al. 2001; Nekvasil et al. 2007; 
McCubbin et al. 2010; Balta and McSween 2013)

 While others have suggested that they did not 
degas and are from a water poor mantle.
(e.g., Stolper & McSween 1979; Watson et al. 1994; Leshin et al. 1996; Leshin 2000; Treiman et 
al. 2006; Filiberto & Treiman 2009a,b; Filiberto et al. 2016a; McCubbin et al. 2016; Filiberto et al. 
2018)

 Resolve this debate?
– Mineralogy – SNC meteorites
– Bulk Chemistry – SNC meteorites 

& Surface Basalts



Amphibole
NWA 2737

Ol

Amph

Plane Light Microscopic Images

Treiman et al. (2007) Giesting et al. (2015)



Martian Apatite

From Filiberto et al. (2016; 2018); McCubbin et al. (2016)

Terrestrial apatite



Melt Inclusions

Usui et al. 2012; 2015



Relevant Concentrations
Basalt 
Type

H2O
Conc.
(wt%)

Cl
Conc.
(ppm)

F
Conc. 
(ppm)

References

Subduction
zone basalts

<8 7000
80-4100

>1800 Johnson 2008
Wallace 2005
Benjamin et al. 2007

OIB <0.6 24-1400 1000 Dixon et al. 1997, 2001, 2002
Aoki et al. 1981
Dixon & Clague 2001

MORB <0.2 1-580 85-350 Michael & Cornell 1998
Michael & Chase 1987
Aoki et al. 1981
Saal et al. 2002

Lunar magmas ≤0.09 ≤850 ~10 McCubbin et al. 2010
Boyce et al. 2010
Saal et al. 2008

Chassignites
Shergottites

<<0.2
<0.1

≤ 1000
<500

≤ 1000
<500

Filiberto et al. 2016; 2018
McCubbin et al. 2016



What about Venus?
 Bulk chemistry from landers

– Venera 13 
– Venera 14
– Vega 2

 Experiments on terrestrial rocks can 
provide information about:
– The petrogenetic history of the Venera and 

Vega basalts (P, T, XH2O of formation)



K2O

SiO2

30 40 50 60 70 80

K 2O

0

2

4

6

8

Thingmuli
Alcedo, Galapagos
Snake River Plain
Nandewar
Acension Island
Hawaii Kohala
Hawaii Mauna Kea
Tristan De Cunha
Venera 13
Venera 14
Vega 2



Experimental Constraints

May require the presence of dissolved CO2 Dasgupta et al. (2007)

Experimental data from: Spulber and Rutherford, 1983; Litvan 2005; Whitaker et al., 2007a,b; 
2008; Rossier, 2006; Botcharnikov et al., 2008; Nekvasil et al., 2004; Filiberto and Nekvasil, 
2003; Green, 1970



Basalt 
Type

H2O
Conc.
(wt%)

Cl 
Conc.
(ppm)

F
Conc. 
(ppm)

CO2 References

Subduction
zone basalts

< 8 7000
80-4100

>1800 Johnson 2008
Wallace 2005
Benjamin et al. 2007

OIB <0.6 24-1400 1000 Dixon et al. 1997, 2001, 2002
Aoki et al. 1981
Dixon & Clague 2001

MORB <0.2 1-580 85-350 Michael & Cornell 1998
Michael & Chase 1987
Aoki et al. 1981
Saal et al. 2002

Lunar 
magmas

≤0.09 ≤ 850 ~10 McCubbin et al. 2010
Boyce et al. 2010
Saal et al. 2008

SNC <<0.2 ≤ 1000 ≤ 1000 Filiberto et al. 2016; 2018
McCubbin et al. 2016

Venus MORB-
like

?? ?? OIB or 
higher?

Kargel et al. 1993; 1994
Treiman 2007
Filiberto 2014



Conclusions
Water is dominant volatile for most 

magmas on Earth
Water may not be dominant volatile for 

planetary basalts
– Cl, F, +/- CO2 may drive mantle melting
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Implications for basalt genesis
 Experimental results
 Volatile abundances
 Calculate:

– temperature depression 
– ∆Kd

 Assumption: effects of each species is 
additive

atomic fraction volatiles (H,F,Cl) in melt
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Implications
Basalt 
Type

H2O
Conc.

(wt%)

Cl Conc.
(ppm)

F
Conc. 
(ppm)

∆T
H2O
°C

∆ T
All
°C

Subduction
zone basalts

< 8 7000
80-4100

>1800 137 192

OIB <0.6 24-1400 1000 23 49

E-MORB 0.2 16-580 200-350 8 23

Kimberlite 1.5 70000 2000 54 226

Mars Basalts <<0.5 ≤ 3000 ≤ 2000 19 60

Lunar magmas ≤ .085 ≤ 850 ~ 10 3 14

Water model using Medard and Grove



Implications
Basalt Type H2O

Conc.
(wt%)

Cl Conc.
(ppm)

F
Conc. 
(ppm)

∆Kd

Subduction zone 
basalts

< 8 7000
80-4100

>1800 -0.024

OIB <0.6 24-1400 1000 -0.002

E-MORB 0.2 16-580 200-350 -0.001

Kimberlite 1.5 70000 2000 -0.314

Mars Basalts <<0.5 ≤ 3000 ≤ 2000 -0.005

Lunar magmas ≤ .085 ≤ 850 ~ 10 -0.004
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