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THE GLOBAL SEARCH FOR SPRING MOUNDS ON MARS AND EVIDENCE FOR MUD VOLCANISM 
IN ACIDALIA PLANITIA  David M. Baker1, Carlton C. Allen2, and Dorothy Z. Oehler2, 1 St. Lawrence Univer-
sity Department of Geology, Canton, NY 13316, (david_baker@brown.edu), 2NASA–Johnson Space Center, Hous-
ton, TX 77058 (carlton.c.allen@nasa.gov, dorothy.z.oehler@nasa.gov) 

 
 
Introduction:  Recent imagery and spectral data 

from the High Resolution Imaging Experiment 
(HiRISE) and the Compact Reconnaissance Imaging 
Spectrometer for Mars (CRISM) onboard the Mars 
Reconnaissance Orbiter (MRO) have provided power-
ful, high-resolution datasets for identifying unique 
areas for geological analyses on Mars.  A recent analy-
sis using MRO datasets [1] has described morphologi-
cal evidence suggestive of spring mound deposition in 
Vernal Crater, Arabia Terra.  The spring mounds have 
distinct morphological characteristics, including a 
“fried egg,” light-toned appearance, elliptical shape, 
bright flank terraces, and circumferential faults.  
Nearby features include linear alignments of rounded 
knobs and tonal bands, small fracture sets, and river-
like channels. 

In an attempt to find evidence for additional spring 
mounds on the Martian surface, we conducted a global 
survey of nearly 2,000 CRISM spectral images and 
overlapping HiRISE, CTX, and Mars Orbiter Camera 
(MOC) imagery. Although no strong evidence for 
spring mounds was found, a site was selected in Aci-
dalia Planitia for detailed geological and spectral 
analyses.  Here, numerous high-albedo, pitted domes 
dot darker albedo plains.  Pitted cones and domes in 
the northern plains of Mars have been compared to a 
range of analogs, including mud volcanoes [2, 3, 4], 
spring mounds [3], pingos [5], cinder cones [6], and 
rootless cones or pseudocraters [7, 8].  Each implies 
unique formational processes that have implications 
for the origin of northern plains materials [3, 4].  To 
evaluate the proposed analogs, a geological map was 
created based on HiRISE image PSP_001916_2220.  
Spectral data from CRISM and thermal inertia data 
from THEMIS  were used to analyze the mineralogy of 
dome and plains materials.  

Search for spring deposits:  Our search for spring 
deposits used CRISM data products to identify dust-
free, hydrated areas and HiRISE, CTX, and MOC im-
agery of the most interesting sites for follow-up 
evaluation.  We analyzed CRISM data products via the 
online interactive map at http://crism-map.jhuapl.edu/.  
Each of the four mineralogical data browse products 
(vnir_fem, ir_maf, ir_phy, ir_hyd) were used; dusty 
areas were identified by their red response in 
vnir_fem.  

Spring search results:  Nearly 2,000 CRISM data   

products were indexed in a latitude range of 50°N to 
70°S, except near the Tharsis province where data 
were analyzed south of 15°S.  Of the most spectrally 
interesting CRISM products analyzed, no location 
covered by a CRISM product footprint exhibited mor-
phological features closely resembling those in Vernal 
Crater.  Several morphologically interesting areas were 
identified, but usually exhibited elliptical, light-toned 
erosional remnants of layers that were unlike the “plas-
tered-on” appearance of Vernal Crater mounds. 

Acidalia Planitia:  Our search resulted in the iden-
tification of a dust-free CRISM dataset 
(HRL00003837), centered at 41.8°N, 332.5°E in Aci-
dalia Planitia, with complete HiRISE and CTX cover-
age.  Acidalia Planitia, in the northern plains of Mars, 
is located north of the Chryse outflow channels.  Ta-
naka et al. (2005) mapped most of northern Acidalia as 
being covered by the Early Amazonian-aged Vastitas 
Borealis Interior Unit (ABvi).  The unit also covers 
much of the northern plains and is interpreted to be 
reworked sediments from outflow channels and other 
highland sources to the south [9].  Thus, based on re-
cent mapping studies, Acidalia Planitia represents an 
ancient sedimentary basin that was an accumulation 
zone for much sediment deposited by Hesperian-aged 
fluvial activity. 

Dome and plains morphology: CTX 
(P02_001916_2221), HiRISE (PSP_001916_2220) 
and THEMIS nighttime IR (I06536016RDR) images 
covering the CRISM location give detailed visual and 
infrared data of the domes and surrounding plains.  At 
least 20 high-albedo pitted domes are observed in the 
HiRISE frame, with dome diameters ranging from 350 
m to nearly 1 km.  All of the domes have one to multi-
ple summit pits that are generally less than 150 m in 
diameter [fig. 1].  The interiors of the summit pits are 
often textured with concentric ridges that may be ex-
pressions of internal layering.  Dome heights were not 
measured, but similar domes and cones in Acidalia 
have been recorded with heights ranging from 36 to 65 
m [3].    

The material characteristics of the domes are dis-
tinctly different from the plains that surround them.  
The dome material is relatively higher in albedo [fig. 
1] and is darker in the nighttime IR image than the 
surrounding plains, indicating that the domes have 
relatively lower thermal inertia.  The dome material is 
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also very smooth even at full HiRISE resolution and 
appears smeared across the textured plains and in local 
depressions such as craters and troughs as if it were 
emplaced by low viscosity flows.                  

Geological mapping:  A geological map [fig. 2] of 
HiRISE image PSP_001916_2220_RED was drawn at 
the 1:2,000 scale to better understand the relationship 
between the dome material and the surrounding plains.  
The HiRISE image was processed for import into GIS 
using PERL scripts available on the USGS Planetary 
GIS Web Server (PIGWAD) website.  ArcGIS was 
then used to construct polygons of identified units. 

Geological units: Three main units were identi-
fied: 1) a high-albedo, Smooth Unit associated with 
domes and small knobs, 2) a low-albedo Plains Unit, 
and 3) a Bouldery Plains Unit [fig. 2].  

Smooth Unit.  This unit covers all of the pitted 
domes, knobs, and typically the plains directly adja-
cent to these features.  It is generally very smooth even 
at full HiRISE resolution, is high in albedo, and has 
very bright parallel streaks tranversing the unit in a 
roughly E-W to SW-NE direction throughout the 
HiRISE frame. The Smooth Unit is found inside cra-
ters and covering the walls and floors of large troughs. 
The Smooth Unit can be subdivided into three sub-
units, representing spatial variations in Smooth Unit 
thickness.  The thickest subunit is Smooth Unit A.  It 
encompasses most of the major pitted mound struc-
tures and exhibits a generally smooth, untextured ap-
pearance.  Smooth Unit B is gradational with Smooth 
Unit A, preserves the texture of the underlying Plains 
Unit, and typically encloses bright knobs up to 200 m 
across.  Intermittent or patchy areas of Smooth Unit B 
that expose muted, low-albedo material of the Plains 
Unit are defined as Smooth Unit C. 

Plains Unit.  The lowest albedo areas within the 
HiRISE frame consist of the Plains Unit.  This unit  
exhibits a ridge and furrow, or “rugose,” texture that is 
also preserved in Smooth Units B and C and the Boul-
dery Plains Unit.  Ridges and furrows are generally 
less than 20 m wide and are well-defined with few 
boulders.  This unit represents plains that are inter-
preted to underlie all other material in the HiRISE 
frame. 

Bouldery Plains Unit. This unit consists of numer-
ous bright, meter-scale boulders along with patches of 
bouldery, moderate-albedo material “caked” on the 
underlying rugose plains.  The unit is often gradational 
with the Plains Unit, exhibiting similar textures and 
low-albedo patches.  Several craters have the Bouldery 
Plains Unit draping over their rims and floors.  Contact 
with the Smooth Unit is often ambiguous, appearing to 
both drape over and be superposed by the Smooth 
Unit.  The material may have originated as impact 
ejecta from nearby craters. 

Dome and plains mineralogy:  Processed CRISM 
spectral data provided by Leah Roach of Brown Uni-
versity was used to determine the mineral components 
of locations within the Smooth Unit and the Plains 
Unit.  Spectral data were taken as 5x5 pixel averages 
(at ~25 m/pixel) that were then processed using stan-
dard photometric and atmospheric correction tech-
niques, including CRISM “volcano scan”.  The spectra  

 

 

Figure 1.  Pitted dome in HiRISE image PSP_001916_2220 
(centered: 41.71°N, 332.49°E).  Note the albedo and tex-
tural difference between the bright dome and dark surround-
ing plains. 

Figure 2.  Geological map of HiRISE image 
PSP_001916_2220 generated in ArcGIS.  Five main units 
and subunits are identified: Smooth Unit A, Smooth Unit B, 
Smooth Unit C, Plains Unit, and Bouldery Plains Unit. 
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were then ratioed against spectra of dark material in 
the CRISM scene to address detector response.  Spec-
tra in the near-infrared (NIR) wavelengths were ra-
tioed against the darkest albedo pixels in the detector 
column, while spectra in the visible (VIS) wavelengths 
were ratioed against the average of >1000 pixels in the 
darkest, homogenous material in the northern portion 
of the CRISM scene.   

Representative spectra of Smooth Unit A and the 
Plains Unit show two distinct trends [fig. 3].  Smooth 
Unit A has a steep spectral shoulder from 0.4 µm to 
0.6 µm in the VIS and has broad dips at about 1.6 µm 
and toward 2.6 µm in the NIR.  The Plains Unit has a 
comparatively shallower shoulder in the VIS and is 
relatively flat in the NIR with a slight increase from 
1.0 µm to 2.6 µm.  Noisy areas occur at about 0.67 µm, 
1.0 µm, and in the CO2 gas bands at about 1.95 to 2.05 
µm. 

The spectral signature of Smooth Unit A does not 
exhibit obvious evidence for hydrated minerals or 
characteristic spring precipitates, such as carbonates 
and silica.  Instead, the spectra of Smooth Unit A re-
sembles Martian soil [10].  The steep 0.6 µm shoulder 
is due to the oxidization of Fe2+ to Fe3+.  The broad 
dips in the NIR spectra of Smooth Unit A are inverse 
high-Ca pyroxene trends that are likely the result of 
ratioing the spectra to dark regions of the Plains Unit, 
which are relatively richer in high-Ca pyroxene.     

Discussion:   Pitted domes have been identified in 
multiple locations in the northern plains of Mars, in-
cluding the Isidis Basin [e.g. 2] and southern Utopia 
Planitia [4].  While a range of origins has been sug-
gested for pitted cones and domes, analyses presented 
here suggest that an origin in Acidalia Planitia is most 
consistent with a mud volcanism analog.  Farrand et al. 
(2005) also favor either a mud volcano or spring 
origin, noting the contrast in thermal inertia between 
domes and plains and the absence of lava flows in 
Acidalia Planitia.  Mud volcanism has been recently 
been proposed as the origin of pitted cones and large 
domes in southern Utopia Planitia [4].  Although the 
pitted domes in Acidalia are morphologically very 
different from the features in Utopia, a similar process 
may help to explain the origin of Acidalia pitted 
domes.  We believe a volcanic or pseudocrater origin 
for Acidalia pitted domes is unlikely, as no lava flows 
or volcanic features are observed in the mapped and 
surrounding area.  A spring origin is unlikely, due to 
the absence of hydrated and spring precipitate mineral 
signatures in the CRISM spectral data.   

Formational model:  The morphology and 
mineralogy of the Smooth Unit evoke a multi-stage 
process where: 1) low viscosity, water-rich sediment 
was upwelled from depth through zones of weakness,  

 

 
2) subaerial eruptions formed large domes and spread 
effusively across the rugose plains and into ambient  
craters and troughs, 3) subsequent desiccation and 
erosion produced the low thermal inertia material of 
Smooth Unit A, the knobs of Smooth Unit B and the 
patchy nature of Smooth Unit C.  The Smooth Unit’s 
spectral similarity with Martian soil may be the result 
of a poorly consolidated basaltic sediment source at 
depth that was oxidized as it mixed with groundwater 
and became subaerially exposed and desiccated.   

Acknowledgements:  We greatly acknowledge 
Leah Roach of Brown University for help with CRISM 
spectra processing and the LPI Summer Intern 
Program for funding this project. 
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Figure 3.  Representative visible and near-infrared spectral 
plots of Smooth Unit A and the Plains Unit.  Spectra are 
photometrically and atmospherically corrected and ratioed 
against dark plains material from CRISM image 
HRL00003837. 
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CARBONATE – DOMINATED PHASE ON IMPACT MELT PARTICLES FROM METEOR 
CRATER, ARIZONA. 1Ana Cernok and 2David A. Kring, 1Dept. of  Lithospheric Research, University 
of Vienna, Vienna, Austria. 2Lunar and Planetary Institute, Houston, TX 77058.  
 
 

Introduction. Meteor Crater is the best 
preserved impact structure on our planet. Impact 
melt rocks from this crater give us an 
opportunity to understand impact melt 
production, melt mixing and degassing in an 
impact event involving sedimentary lithologies. 
In addition to previously described glassy or 
finely recrystallized mafic silicate melt particles 
(Hörz et al.2002), a new class of carbonate – 
dominated phases, found only on a few mafic 
melt samples, have been recognized recently. In 
this project we subjected samples MC-Hxx4 and 
MC-Hxx7 to petrographic and chemical 
investigation in order to determine if the 
carbonate phases originated from melt produced 
in the impact event or from secondary 
precipitation of caliche long after the impact 
occurred.  We also examined the matrix of 
impact breccia deposited inside the crater to 
determine if any quenched carbonate melt ash 
was produced by the impact event. 
 

Methods. Petrographic properties of two 
impact melt samples were determined using an 
optical microscope at the Lunar and Planetary 
Institute. Chemical analysis of silicate and 
carbonate phases in MC-Hxx4 and MC-Hxx7 
were performed at NASA Johnson Space Center 
(JSC) using a Cameca SX-100 electron 
microprobe. Following beam conditions and 
standard sets were used (according to Kring 
D.A. et al. 1998).  
 
Table 1. Beam conditions and standard sets: 

Silicates  Carbonates 
________________________________________________________ 
Acceleration voltage: 15 keV 15 keV 
Beam current: 10 nA 5 nA * 
Beam size:  1 µm 5 µm 
Standard for 
element: Na olig olig 
 K or1 or1 
 P apat -  
 Mg kaer dolomite 
 Si kaer kaer 
 Al kaer kaer 
 Ca kaer dolomite 
 Ti kaer -  
 Fe kaer andr 
 Mn nvgr rhod 
 Ni NiO Ni metal 
 Cr crmt - 
* Increased to 20 nA when taking BSE images 

In order to better understand composition of 
different impact melt components, we also 
carried out a simple chemical and imaging 
analysis of  breccia matrix (unconsolidated fine-
grained material MC053007) using a JOEL 50 
scanning electron microprobe at NASA JSC. 
 

Petrographic Description of melt 
particles.The two analyzed  melt particles, MC-
Hxx4 and MC-Hxx7, that include carbonate-
phase, are 0.9 cm and 0.7 cm long, respectively. 
They have frothy appearance, are irregularly 
shaped and mostly red – brown colored.  
 

Silicate melt: The melt particles have been 
intensely altered and show several brown-red 
colored regions that indicate oxidation, as 
previously described by Hörz at al. (2002). 
Alteration processes affected both grains but 
MC-Hxx7 appears darker and has several 
heavily oxidized, opaque regions. 

Mafic melt crystallized into very fine 
grained, aphanitic crystals of pyroxene and 
olivine. Pyroxene crystals (Wo40En25Fs35) are 
mostly very small (<30 µm) and anhedral, but 
larger euhedral crystals (30 to 70 µm) also 
occur. Olivine crystals (Fo48) are very rare in 
both specimens. In one distinct part of MC-
Hxx7 highly elongated and narrow, skeletal 
mafic crystals form network pattern known as 
quench texture. This texture is typical for rapidly 
cooled melt (French B.M. 1998). The silicate-
rich melt is highly vesicular and vesicles can 
vary in size from less than 100 µm to 1 mm (Fig. 
1). 

 
Carbonate phase: In the case of MC-Hxx4, 

a smoothly shaped edge of the silicate melt is 
coated with a 3 mm long and 1 mm wide 
carbonate phase. No distinct oxidation rim is 
recognizable on this silicate edge. The carbonate 
– silicate contact is sharp and fine-grained 
pyroxene crystals do not show any change in 
shape or size in contact to fine calcitic phases 
formed in the carbonate rind. A distinct 250 µm 
width zone can be observed on the carbonate  
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Figure 1. Backscattered electron  image of silicate-rich 
melt. Typical pyroxene composition is presented 
 
 
side of silicate – carbonate contact. This zone 
incorporates very fine calcite crystals, dolomite, 
melt particles, sub-rounded quartz and few 
grains of K-feldspar.  

The MC-Hxx7 grain is coated on one side 
with a 7 mm long and 1 mm bright carbonate 
phase. Contact zone is not observed. 

In both samples, quartz is more abundant in 
carbonate coating than in the mafic silicate melt. 
Its appearance, however, does not vary in these 
two phases. Quartz is about 100 µm long, sub-
rounded, spherical to elongated, very fresh and 
has mostly undulatory extinction. No cracks, 
mosaicism, planar fractures (PF), planar 
deformation features (PDF) or other shock 
indicating patterns were observed. In the case of 
MC-Hxx4 quartz grains are more abundant 
closer to carbonate – silicate contact than in rest 
of the carbonate phase. In general, quartz is 
much more abundant in the MC-Hxx7 carbonate 
phase. A few fresh, subhedral and sub-rounded 
grains of K-feldspar were found in the carbonate 
phase of both samples. These grains do not 
contain any of shock indicators either. No Kspar 
grains were found in silicate melt. Calcitic 
material varies in size significantly. Some 
phases are extremely fine grained and cannot be 
observed on microprobe and some dolomite and 
calcite phases, usually anhedral, are about 40 
µm in size. A fluidal texture that reminiscent of 
schlieren (Fig. 2) can be seen close to the 
silicate-carbonate contact in both Hxx4 and 
Hxx7 samples.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Backscattered electron image of different phases  
inside the carbonate coating  in the MC-Hxx4 
 
 
Results  and Discussion. 
 

The breccia matrix. The fine-grained 
matrix of fallback breccia on the SEM, we have 
understood that the matrix is mostly comprised 
of angular to sub-rounded, compact quartz 
grains like shown on Fig. 3C. Much less 
abundant are irregular silica glass particles 
shown on the Fig. 3D. K-feldspar and calcite 
crystals are subordinate. Grain size distribution 
calculated on secondary electron images shows 
that fractions smaller than 5 µm dominate in the 
analyzed material. After clastic rock 
classification (Wentworth, 1922) majority of 
matrix compounds correspond to very fine silt or 
smaller size. The biggest clasts found are of 
medium sand size. The lack of glass or other 
melt traces in this material implies that most of 
impactites at Meteor Crater are comprised of 
crystallized, unmelted material.. 
 
 

The impact melt particles. Representative 
composition of pyroxene in silicate-rich melt is 
in agreement to previous analyses. All mafic 
minerals crystallized from Ca, Mg and Fe rich 
melt. Ca and Mg were contributed from target 
rocks (siltstone, dolomite and sandstone), 
whereas Fe was contributed mostly by the 
impactor (Kring D.A. 2007).  

Different carbonate phases have been 
observed and their typical chemical composition 
is presented in the table 2. Very important  
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Figure 3: Grain size distribution of breccia matrix. A) 
Grain size distribution on 500 µm scale; B) Grain size 
distribution on 20 µm scale; C) SEM image of dominating 
sub-rounded quartz crystal; D) SEM image of irregular 
silica glass particle 
 
 
indicators for impact origin of carbonate coating 
are melt patches inside the carbonate phase, that 
have very low analytical totals and contain a lot 
of Mg, Ca, Si, Fe and Ni (Table 2). The melt 
appears darker on the BSE image (Fig. 2). 

Highly vesicular patterns of the silicate melt 
imply that CO2, delivered in abundance from the 
target carbonates, had escaped rapidly from the 
melt. Yet, petrographic, textural and chemical 
evidences allow us to believe that carbonate 
phase we observed represents the melt that 
quenched before CO2   was vaporized.   

Smoothly shaped and vesicle-free edge of 
mafic melt that is in contact with the carbonate 
phase indicates that no vesicles had been formed 
in that contact part and that two phases, mafic 
silicate and carbonate phase, quenched at the 
same time. Also, quartz grains that are 
incorporated inside both the carbonate phase and 
the mafic melt suggest coeval origin of the two 
phases. The appearance of the fresh and not well 
rounded quartz grains implies that no intensive 
erosion or transport had taken place before these 
grains were incorporated into the melt matrix.  

Table 2.  Representative composition of different phases 
observed in MC-Hxx4 and MC-Hxx7 
 
 Dolomite Calcite Melt Melt         Kspar 
 
Na2O        0,00 0,04 0,06 0,02 0,53 
K2O            0,02 -0,02 0,28 0,10 16,64 
MgO          21,50 4,33 11,98 8,93 0,05 
CaO             30,24 52,11 2,84 20,62 0,13 
MnO           -0,14 -0,03 0,00 0,03 0,01 
FeO            -0,07 -0,04 2,53 0,44 0,19 
NiO              0,06 0,06 1,85 0,75 -0,09 
SiO2              0,02 0,69 37,42 17,92 63,81 
Al2O3           0,01 0,07 10,08 0,94 18,59 
Analytical      51,85 57,29 67,03 49,74 99,95 
Total      
CO2              47,13 45,57    
      
Calculated     98,99 102,02    
Total 
      
MgCO3 wt%      44,97 9,05    
CaCO3        53,96 92,99  

 
 
Other textural properties, such as lack of 
oxidation rim on the contact zone, sharp contact 
of pyroxene and calcite and fluidal features, also 
give an impression of material that recrystallized 
from the melt.  
 

Conclusion. The petrographic, textural and 
chemical evidence described in the previous 
section allow us to believe that the carbonate 
phase we observed represents the melt that 
quenched before CO2  was vaporized. It would 
be important to compare these samples with 
calcitic weathering products, such as caliche, but 
so far we haven’t been able to find any detailed 
petrographic observations of any secondary 
calcitic deposits.   
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COOLING RATES OF AN IMPACT MELT BRECCIA SAMPLE (METEORITE LAP04751) FROM
AN H CHONDRITE ASTEROID. Elizabeth A. Frank1 and David A. Kring2, 1Dept. of Earth &
Environmental Sciences, Rensselaer Polytechnic Institute, Troy, NY 12180. 2Lunar and Planetary Institute,
Houston, TX 77058.

Introduction:
Impact melts resulting from crater-producing
asteroid collisions can be used to understand the
collisional evolution of our solar system. Samples
of these impact melts sometimes fall to Earth in
the form of meteorites, which can be used to
determine the timing of the collisions and cooling
histories of the impact products. These cooling
histories can then be used to determine whether the
impact melt or impact melt breccias were
originally formed as a breccia lens within a crater
or as ejecta around a crater. The goal of this
particular study is to determine the cooling rate of
meteorite LAP04751. This meteorite was
recovered from the LaPaz Ice Field in Antarctica.
Based on its mineral and chemical composition, it
was classified as an H-type chondrite [1].

Analytical Methods:
The petrography of our thin section (split 6) was
determined with an optical microscope. Chemical
compositions were determined with a Cameca SX-
100 microprobe at the Johnson Space Center. The
microprobe was operated with an accelerating
voltage of 15 keV and a beam current of 20 nA.
Elements Ti, V, Cr, Mn, Fe, Co, Cu, Zn, and Si
were calibrated using pure metals. Elements Ca
and P were calibrated using apatite and Mg was
calibrated using a synthetic glass. Sulfur was
calibrated with troilite from the Canyon Diablo
meteorite. Standards Fe-metal, Ni-metal, Co-metal,
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Figure 2: Point count results of metal and sulfide phase
distributions.

Figure 1: BSE image of metal orb in melt. The color of the
metal surfaces were homogeneous, indicating a lack of
kamacite. The dark gray is silicate material; the
intermediate gray is sulfide; and the light gray is metal.

and apatite were analyzed as unknowns to verify
the quality of the calibrations.

Petrography:
LAP04751 is similar in composition to H6-type
chondrite Orvinio [2], which is another impact
melt breccia. Thin section LAP04751,6 contains
relic clast material (39.2% of the sample), melt
between them (53.5%), and quenched zones of
melt around two of the clasts (7.3%). This study
focused on the melt.

The melt is comprised of a silicate matrix that
supports orbicular metal and sulfide phases as well
as the silicate minerals olivine (Fa19) and pyroxene
(Fs16) in a remnant feldspathic mesostasis [1]. The
melt-matrix silicate crystals have an average size
of <4 μm. Based on a point count of 1742 points
with a spacing of 100 microns, 66.9% of the melt
is the silicate matrix; 12.7% are xenoliths and
xenocrysts; and 16.7% are metals and sulfides.
Figure 2 illustrates the size distribution of the
metal and sulfide particles. The remaining 3.7% of
points fell on crosscutting fractures and holes, the
latter of which may be due to gas vesicles,
weathering, or the plucking of particles.
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As seen in Figure 2, the distribution of metal and
sulfide particle sizes is not bimodal, suggesting
that there was only one impact event that ejected
the melt material from its parent body. A lack of
very small and very large particles indicates that
the original metal in the parent asteroid material
may not have been completely destroyed during
the impact, or the melt cooled slowly enough for
the metals to conglomerate and approach an
equilibrium size. In either case, the metal particle
distribution of LAP04751 is markedly different
from that of both the Orvinio and Cat Mountain
impact melts. Intermediate to large-sized particles
dominate Orvinio, while Cat Mountain has a
bimodal distribution [2, 3].

The metal assemblages in the impact melt of
LAP04751 range in size from >1 to 305 μm, but
they are dominated by the 32 to 59 μm range. In
comparison, the metal phases in the quenched
zones were 1 μm or less in size. The metal
particles in the melt are frequently rimmed by
sulfide, which also occurs as small orbs
independent of the metal assemblages. Similarly,
xenoliths and xenocrysts were as big as 308μm.

Cooling Rates:
Like other impact melts, LAP04751 reflects two
stages of cooling. During the first, Stage 1, the
superheated impact melt thermally equilibrated in
a matter of seconds with the relatively cool clast
material. The cooling rate of this stage is
determined by measuring the distance between
nucleated metallic orbs within the melt. During
Stage 2 cooling, the subsolidus breccia of melt and

Figure 3: Typical nucleated metal cells. Spacing is
measured from core to core.
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Figure 4: Typical Ni profile across metal particle.

clast slowly cools to the temperature of the parent
asteroid. This rate is estimated using the Ni
concentration gradients within a metallic orb.

Stage 1 Fast Cooling
The cooling rate of the thermal equilibration of the
melt with the clast affects the growth and
nucleation of metal particles. The faster the
cooling occurs, the fewer particles will grow. As
such, the spacings between individual metal
particles (Figure 3) can be used to determine the
Stage 1 cooling rate [4]. Based on 18 spacings that
ranged from 22 to 34 μm, the cooling rate was
between 19.2 and 67.8°C/s. This range is similar
to those of H-type chondrites Dimmit, Pulsora,
Tell, Tysnes Island, and Weston [4] and type-L
chondrite LAP02240 [5].

Stage 2 Slow Cooling
Nickel gradients in the metal orbs are a reflection
of the Stage 2 cooling rate of a melt. The slower
the rate, the more time there is for fractionation
within a cell to occur. Given enough time, a metal
orb may crystallize into an outer rim of kamacite
and a core of martensite. This fractionation is
clearly represented in the Cat Mountain Ni profiles
[3].

With a lack of a kamacite rim, the orbs in
LAP04571 have Ni profiles that appear to be more
like those of Ramsdorf, Orvinio, and LAP02240
[6, 7, 5] than those of Cat Mountain. As in
Ramsdorf, Orvinio, and LAP02240, the cooling
rate must have been sufficiently fast to prevent the
formation of such a rim.

However, LAP04751 is different from those three
brethren chondrites in that at a 1 to 4 Ni weight%,
its Ni concentration gradients from rim to core are

50 μm
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more shallow and of a smaller range. The Ni
gradients of Ramsdorf range from 8 to 20 weight%
[6]; those of Orvinio are 1 to 8 weight% [7]; and
those of LAP02240 are 2 to 6 weight% [5]. This
indicates that the melt was either given enough
time or was at a cooling rate such that the Ni
gradients began to level out due to solid state
diffusion [7].

To determine its composition, Ramsforf was
compared to experimentally heat-treated samples
whose maximum temperature and cooling rate
were held at 1250°C and 100°C/day. Since the
samples were similar in structure to Ramsdorf,
Smith and Goldstein inferred that at 10-3°C/s, their
cooling rates were similar [7]. Orvinio’s Ni
gradients were approximately 1 to 8 weight%,
lower than Ramsdorf’s. This implied a slightly
slower cooling rate, closer to 10-3 to 10-4°C/s [6].
Similar to Orvinio’s, LAP02240’s Ni gradients
were 2 to 6 weight%. Because of this, its cooling
rate was be assumed to be comparable, at 10-3 to
10-4°C/s [5].

Since LAP04751 has the smallest Ni gradients, its
cooling rate must have been the slowest out of all
of those mentioned above. Its cooling rate was
likely 10-4 to 10 -5°C/s, suggesting a shallow burial
depth (Figure 5).

Conclusions:
Shallow Ni gradients in impact melt LAP04751
coincide with the point count data, both suggesting
that the melt began to approach an equilibrium as
it cooled. It cooled at 19.2 to 67.8°C/s during its
high-temperature thermal equilibrium, following
which the subsolidus cooled at 10-4 to 10-5°C/s.
This subsolidus cooling rate suggests a burial
depth of less than 10 meters.

Figure 5: Approximate depth of burial plot. Plotted
points: Ramsdorf (Ra), Orvinio (Or), Tadjera (Ta), Rose
City (RC), Lubbock, (Lu), Farmington (Fa), Arapahoe (Ar),
and Wickenburg (Wi). The estimated cooling rate range
for LAP04751 is shaded in gray.
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Introduction: The purpose of this study is to de-

termine experimentally if QUE 94201 (QUE) could be 
derived from a Yamato 980459 (Y98) type parent 
melt. This would define source regions and constrain 
differentiation processes. The martian mantle is di-
vided into two distinct source regions. One source is 
enriched in REEs and the other is depleted. Experi-
mentation will help determine if Y98 and QUE are 
indeed from the same depleted source region.  

Y98 is a basaltic shergottite from the SNC (Sher-
gotty, Nakhla, Chassigny) meteorite group. This group 
of meteorites has been determined to be of Martian 
origin and is the only sample set from Mars.  Y98 is 
composed of 26% olivine, 48% pyroxene, 25% 
mesostasis, and importantly no plagioclase [1]. The 
large size of the olivine megacrysts and absence of 
plagioclase suggest that the parental melt which 
formed this meteorite had begun cooling slowly until 
some mechanism, such as magma ascent, caused rapid 
cooling [2]. 

Y98’s olivines have the highest Mg content of all 
the shergottites suggesting that it is the most primitive 
[3]. Analysis of the Sm/Nd abundances gives a crystal-
lization age of 472 ± 47 Ma and a ε (Nd) value of 
+36.1±2.2 [4]. Y98 has been determined to be a melt 
composition [3]. The liquidus of Y98 is predicted by 
MELTS [5] and by experimentation [6] to be 1450°C 
Analyses of Y98 show it to be very depleted in LREEs 
and it has similar depleted patterns as other shergot-
tites such as QUE [8].  

Another shergottite, QUE, has a similar depleted 
REE pattern as Y98. QUE also represents a liquid 
composition [9]. QUE is composed of 44% pyroxene 
and 46% plagioclase, 2% opaques, 4% phosphates, 4% 
mesostasis [10].   Even though QUE contains primitive 
isotopic characteristics [11] and is the most reduced 
shergottite, it represents an evolved magma. Its 
evolved nature is seen in its low bulk Mg #, high in-
compatible element concentrations in the whole rock, 
and Fe-rich silicate phases [10].  Calculations using the 
MELTS program have predicted that crystallization of 
Y98 can yield a composition close to QUE’s at 1170°C 
[12]. The model assumed closed-system-fractional 
crystallization at 1 bar pressure and oxygen fugacity of 
QFM-3.  

Experimental Methods: Fractional and equilib-
rium crystallization experiments were performed in 

DelTec furnaces. A rhenium basket was used to con-
tain the sample, a pressed pellet of powdered synthetic 
Y98. To prevent oxidation of the rhenium wire the 
charges were not inserted into the furnace until reduc-
ing conditions were reached Oxygen fugacity has been 
observed from meteorite analyses to be reducing  [13] 
and experimentally determined for this particular start-
ing material to be IW+1 [3]. Oxygen fugacity is con-
trolled using a constant CO/CO2 gas mix.  

Temperature of the experiment ranged from 1170-
1450°C.  Fractional crystallization experiments started 
above the liquidus at 1460 °C and descended in tem-
perature at a rate of  2.5 °C/hr to the set point. Equilib-
rium crystallization charges were taken above the liq-
uidus, to approximately 1460°C, and rapidly dropped 
down to the set point. There is one exception to this 
procedure, experiment Y98M-4B, which was inserted 
into the furnace at the set point. Duration of the equi-
librium crystallization experiments varied due to 
length of time needed to approach equilibrium. The 
approach to equilibrium was determined by analyzing 
the distribution of Fe/Mg between phases and is de-
scribed in the results. The experiments were water 
quenched.  

Analytical Methods: The Cameca SX100 at 
NASA JSC was used to determine composition of sili-
cate crystalline and  glass phases.  A 1-micron focused 
beam with a current of 10 nA and an accelerating volt-
age of 15 kV was used for both calibration and analy-
ses. The following elements were analyzed and results 
interpreted as oxides:  Si, Al, P, Ti, K, Ca, Cr, Fe, Mn, 
Na, and Mg. 

Results:  Table 1 summarizes experimental condi-
tions and results. 

Olivine was the primary silicate phase at tempera-
tures above 1250°C. An experiment at 1250°C re-
corded the first visible signs of a second silicate phase 
crystallizing. This second phase was low calcium py-
roxene.  The exact temperature at which pyroxene 
crystallization begins was not determined, but MELTS 
modeling suggests that it is 1320°C [12]. Optical ex-
amination suggests that minor pyroxene is present at 
1350°C, but this has not been confirmed by electron-
probe analysis. Chromites were also found to be in 
every run, their size was on the order of a several mi-
crons at most.  

To assess if the experiments approached equilib-
rium KD, the distribution coefficient, was calculated 
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for the static “equilibrium” charges.  KD is the ratio of 
the concentration of Fe/Mg in olivine or pyroxene and 
the Fe/Mg concentration in glass at equilibrium. KD 
values for olivines ranged from 0.322 to 0.345 and 
pyroxenes ranged from 0.298 to 0.339. These values 
are internally consistent with each other and phases 
were homogenous (in equilibrium runs).  This is also 
consistent with values from [14] which confirm the 
reproducibility of the conditions.     

Table 1: Run conditions and run products. * Denotes 
than Y98M-4B did not reach equilibrium due to initial me-
thod. The ol  abbreviation is olivine, pyx is pyroxene, and cr 
is chromite. 
Sample Name Type of exp Temp. °C f O2 Duration Minerals
Y98M-2 Equilibrium 1450 IW+2 ~3hrs ol, cr
Y98M-4B Equilibrium* 1170 IW+1 2 days ol, pyx, cr
Y98M-6 Equilibrium 1350 IW+1 1 day ol, cr
Y98M-7 Fractional 1170 IW+1 5 days ol, pyx, cr
Y98M-8 Equilibrium 1250 IW+1 2 days pyx, cr
Y98M-9 Equilibrium 1170 IW+1 2 days ol, pyx, cr
Y98M-11 Equilibrium 1200 IW+1 2 days ol, pyx, cr
Y98M-12 Fractional 1200 IW+1 5 days ol, pyx, cr
Y98M-13 Equilibrium 1475 IW+1 3 hrs cr
 

The olivine and pyroxene phases in Figure 1 are 
difficult to differentiate from microscopy alone. The 
olivines are comparatively large at  85 µms across. 
Individual olivine crystals were often embayed by 
glass but had a recognizable euhedral shape. The py-
roxenes are also embayed and have melt inclusions. 
The chromites tend to cluster near olivine crystals.  

 

 
 
      Figure 1: Image of run product Y98M-12. Skeletal  
olivines are lighter in contrast to darker pyroxenes. 
The light gray between the crystals is glass. The white 
square shaped crystal is a chromite. The same abbre-
viation scheme as Table 1 was used.   
       Figure 2 shows that QUE’s bulk composition lies 
on a  continuum of Y98 crystallization experiments.  

Dynamic cooling experiments are more representative 
of QUE mineralogy and composition. Y98M-12 is 
closest in composition to the QUE bulk composition. 
Major elements were within 7%. However, the minor 
elements were highly variable, in the case of phospho-
rus QUE had more than 7 times the amount of phos-
phorus that Y98M-12 contained.  Details for other 
elements can be found  in Table 2.      
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      Figure 2: Graph showing the decreasing MgO 
content with increasing Al2O3 content (decreasing 
temperature). Most MgO rich points are representative 
of the highest temperatures.   
      In Figure 3 the experimental pyroxenes are plotted 
with pyroxenes from QUE. Y98M-12’s dynamic cool-
ing causes the composition of the pyroxene to change 
throughout cooling starting very Mg rich, migrating 
away from En as the experiment approaches 1200°C.  
Y98M-11 has a very similar Fs/En ratio to one of the 
QUE experiments but is less calcic.  Y98M-8 contains 
the most magnesian experimentally created pyroxenes.  
Even Y98M-8 is not as magnesian as the most mag-
nesian QUE pyroxene. There is a consistent lack of 
calcium in the experimental pyroxenes in comparison 
with the QUE pyroxenes.  
      Table 2: Major element compositions of Y98 bulk, 
M12, and QUE bulk. QUE and Y98 bulk compositions 
were taken from [15] and [16] respectively. Phospho-
rus was not analyzed in [15], an average of [17] and 
[18] values was used to estimate P2O5 content in QUE, 
raising the wt% oxides total for QUE from 98.64 to 
over 100%.  The ∆ QUE is the percent deviation of 
M12 from QUE.   

85 µm 

Ol 

Pyx 

Cr 
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Y98 M12 QUE ∆ QUE
Na2O 0.80 0.51 1.39 -63.42
MgO 18.10 5.88 6.30 -6.67
SiO2 49.40 48.77 48.00 1.61
Al2O3 6.00 10.45 9.82 6.42
P2O5 0.31 0.41 3.09 -86.77
K2O 0.02 0.01 0.04 -75.00
CaO 7.20 11.24 11.48 -2.11
TiO2 0.48 1.05 1.98 -46.85
Cr2O3 0.71 0.14 0.10 34.65
MnO 0.43 0.50 0.47 6.43
FeO 15.80 19.66 19.16 2.60
Total 99.25 98.62 101.83

 

 
 
      Figure 3: Pyroxene ternary diagram with Y98M-
11(1200°C), Y98M-12 (1200°C), Y98M-8 (1250°C), 
and two QUE pyroxenes from [13],[15] plotted on it.  
     Discussion: The MELTS calculation of [12] of a 
QUE composition being derived from a Y98 parent 
has not been confirmed by experimentation. While the 
major elements are in agreement, within 7%, the minor 
elements are do not agree. For example, phosphorus is 
off by almost 90%. Phosphorous and titanium over-
abundance in the QUE bulk rock are attributed by [12] 
to the accumulation of phosphates and illmenite. This 
suggestion is not sufficient because QUE is considered 
to be a melt composition not a cumulate. Sodium is 
somewhat volatile and some is lost during high tem-
perature experimentation and analysis. The underesti-
mation of sodium is significant enough that it is doubt-
ful that it can be attributed only to the loss of volatiles.  
Y98M-12, the run that contains glass with the most 
similar composition as the bulk QUE, was also run at a 
significantly higher temperature, 1200°C than QUE’s 
liquidus, 1170°C.  
      QUE’s pyroxenes are complexly zoned with pi-
geonite cores and augite rims. The crystallization se-
quence  began first with  Mg rich pigeonite followed 

by Fe-rich pigeonite and last by Mg-rich augite bands 
[19]. The most magnesian pyroxenes in our experi-
ments grew during crystallization at 1250 °C. Pyrox-
enes in this sample are neither as Mg-rich nor as calcic 
as the QUE sample. For a lower temperature experi-
ment Mg-depletion would be expected; but the same is 
true for Y98M-8, an experiment conducted at 1250°C 
with glass more Mg-rich than QUE.      

Conclusions:  It is inconclusive that Y98 is the pa-
rental melt for QUE based on the results of this study. 
Because we were able to approach QUE’s composition 
using one slow cooling stage, it seems that this is the 
probable path of differentiation for these melts. Our 
experiments did not conclusively determine if the 
source of Y98 and QUE is indeed the same. This 
leaves many unanswered questions regarding the ex-
tent of the depleted mantle source region,  the number 
of mantle source regions, and the petrogenic relation-
ship between these two meteorites.  
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Introduction:  The nature of the comet nucleus has 

been the subject of debate and interest for decades. The 
mechanism of formation of the comet nucleus, and its 
resulting internal structure is dependent on the initial 
conditions in the region of comet formation. As primitive 
building blocks of the solar system, an understanding of the 
composition, structure and formation of cometary nuclei 
will provide crucial knowledge on the chemical and 
physical conditions in the early planetary nebula at the time 
of planet formation. In an attempt to address this objective, 
ROSETTA, a European Space Agency mission, will 
intercept the orbit of Comet 67P/Churyumov-Gerasimenko 
in 2014.  At a distance of 3 AU from the Sun, the spacecraft 
will release a lander, Philae, which will touch down on the 
surface of the comet nucleus.  Philae’s payload of 
instruments will analyze the surface and interior of the 
comet nucleus.  CONSERT (Comet Nucleus Sounding 
Experiment by Radiowave Transmission) is a Philae 
instrument that will transmit radiowaves through the comet 
to be received by ROSETTA.  Coupled with the orbiter, 
Philae will send radar waves through the comet nucleus, 
and measure the time delay between the transmitted and 
received signals to reveal the internal structure of the comet 
nucleus [1].     

The challenge, however, is that the internal structure of 
Comet 67P is poorly known. Hence, the expected inversion 
of the physical properties of the nucleus from the 
CONSERT radar tomography is significantly indistinct. 
Therefore, geoelectrical models of plausible internal 
structures are crucial to understand and minimize 
ambiguities on the radar investigations of the comet’s 
interior.  

Current state of knowledge of cometary interior: 
The variations of the signal attenuations to be observed in 
the radar tomographies to be collected in 2014 depend 
mainly on the variation of the dielectrical properties of the 
cometary material as a function of porosity, temperature, 
and mineralogical composition within the comet nucleus. 
Unfortunately, little to no observations exist on their 
variability in the comet structure.  The potential impact of 
this variability controls penetration depths and structure 
identification.  

Porosity. In order to determine the porosity of comet 
nuclei, one must first consider the comet bulk density.  
Davidsson and Gutierrez [2] places constraints on the 
properties of 67P by modeling the lightcurves and water 
production rates for two thermophysical models of the 
nucleus.  They constrain a bulk density range of 100-370 kg 
m-3, and give a strong upper limit of 600 kg m-3.  This 
translates to bulk porosity that is greater than or equal to 
0.5, perhaps as high as 0.7-0.9 [2].  The Tempel 1 porosity 
calculated by [3], 0.73, falls within this range.  Hence, in 
our model we will consider porosities in the range of 0.1 to 
0.9.   

Mineralogical composition. The component materials 
of the comet nucleus differ in their porosity, ice and 
meteoric dust content.  About 80% of the ice is believed to 
be amorphous water ice; there is also some carbon dioxide, 
carbon monoxide and some organic material [4].   

Cometary dust comprises up to 75% of the comet’s 
mass as well as 50% of the volume [5].  Much of the 
mineralogical data that has been obtained has been in the 
form of spectral data.  A 10 micrometer Si-O silicate 
feature found in IR spectra of coma dust from Comet 
Halley.  An 11.2 micron bump was found on the silicate 
feature that indicates the presence of olivine [6].   

Spectral observations of Comet Hale-Bopp made with 
the Infrared Space Observatory (ISO) show sharp peaks 
that match with forsterite (Fo) and minor features matching 
enstatite (En) [7].  Similar results are obtained in studies of 
IDPs [6], and of the aerogel returns of the Stardust mission 
[8]. The mineralogical compositions of the Starudst tracks 
are found to be similar to that of carbonaceous chondrites 
[8].  A much more comprehensive spectral analysis was 
completed by [9] in their study of Comet  
Tempel 1.  Their best-fit model spectra identifies spectral 
features characteristic of water ice and gas, carbonates, 
silicates, phyllosilicates, and polycyclic aromatic 
hydrocarbons (PAHs).  A study of mid-IR spectra from 
Deep Impact (DI) by Harker et al. [10] agrees with [9].  
The water ice, detected as icy grain particles, comprise only 
3% of the surface area of Tempel 1 with a mean 
temperature of 220 K.  This temperature is much higher 
than that required for sublimation of pure water ice, so the 
ice must instead be “dirty” in nature [9].  Analysis of the 
water gas present and the dust mass required by the 
spectrum implies a dust/gas ratio of at least 1.3 [9].   

Based on these studies and the similarities between 
9P/Tempel 1 and 67P/C-G, it is evident that our comet 
nuclei models include olivine and pyroxene at varying 
proportions with water ice.      

Temperature. Most of the surface of comets is inert, 
about 80-90% [11].  Volatile emission occurs in the small 
active surface, when illuminated by sunlight.  VEGA-1 
results on the nucleus of Comet Halley report high surface 
temperatures, on the order of 100 K [12], with a 
temperature-dependent emission distribution similar to that 
of a blackbody [11].   

The results of DI give results on the temperature 
distribution of Tempel 1 at a distance of 1.5 AU [13].  
A’Hearn et al. [13] used the IR spectrometer of DI to obtain 
three spatial scans of the nucleus, which were then used to 
map its temperature.  The temperatures range from 272 ± 7 
K to 336 ± 7 K on the sunlit side of Tempel 1 [14].  Any 
temperature variations on the surface are at a scale of tens 
of meters, smaller than a pixel [14].  A strong correlation of 
temperature with incidence angle and topography suggest a 
low thermal inertia throughout the nucleus [14].  A 
minimum temperature of 272 K is well above the 
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temperature expected for the sublimation of volatiles on the 
surface. Therefore, volatiles probably sublime beneath the 
surface [13], in agreement with Crifo et al. [15].  
Underneath the dust mantle layer, the water ice is thermally 
and physically decoupled from the dust at a scale of smaller 
than a pixel, probably tens of meters [14].  

Because Rosetta will intercept with 67P at a larger 
distance from the Sun, we constrain the temperature to be 
between 100 and 200 K on the surface of the comet, down 
through 20 m below the surface. 

Dielectric properties of Cometary analogs:  The 
relation between dielectric permittivity, temperature, and 
dust fraction has been determined on the basis of lab 
measurements of cometary analogs.  Relative dielectric 
permittivities have been collected from lab measurements 
of mixtures of chondrite powder (also referred as dust) and 
water ice.  They are plotted as a function of temperature 
and dust fraction using Lichteneker’s mixing laws [16]. 
Figure 1a and 1b show the real part of the relative dielectric 
permittivity and the loss tangent versus dust fraction, taken 
at a temperature of -60°C (213 K).  The loss tangent is 
defined as the ratio between the imaginary and the real part, 
or 

tan δ = ε”/ε’ 
Measurements of ε taken as a function of temperature 

(seen in Figure 1c) were then used to extrapolate isotherms 
on the graph.   

 

Figure 1: Relative dielectric permittivity as a function of (a) 
dust fraction (real part), (b) dust fraction (loss tg), and (c) 
temperature (real part) 
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Loss tangent vs dust fraction (at 213 K)
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Relative dielectric permitivitty (real part) vs. temperature 
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(c) 

Note that there are no isotherms plotted for the graph of 
loss tangent versus dust fraction.  This is because the loss 
tangent does not have a clear linear relationship.  Therefore, 
the real part varies with dust fraction and temperature, 
while the loss tangent varies only with dust fraction. 

Lab measurements have also yielded the relative 
dielectric permittivity as a function of bulk porosity, 
converted from bulk densities by the relation  

P = 1-ρbulk/ρmaterial 
To calculate the material density, we again use 

Lichteneker’s mixing laws with a 1:1 dust-ice mixture to 
obtain a value of 2.1.  This graph is shown in Figure 2. 
Both the real part and loss tangent are plotted.   

 
Figure 2: Relative dielectric permittivity as function of bulk 
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Geoelectrical models:  Using the variability of these 
geophysical parameters, we constrain the dielectric 
permittivities of our geoelectrical models.  Two of the 
geoelectrical models developed are shown in Figure 3.  
They are based on the layered pile model proposed by 
Belton et al. [17], which consists of a primordial core 
covered by layers of varying thickness (3-50 m), an ice 
crust (~240 m thick), and a dust mantle (~5 m thick).  
Thermal simulation has shown that temperature varies only 
~20 m underneath the surface [14].  So, all the models have 
temperature variation within the first two layers of the 
nucleus: the dust mantle and the crystalline ice crust. There 
is outgassing present on surface and underneath [17].  
Belton’s layered pile model has a high porosity on the 
surface, about 70% [9, 18].  We base our mineralogical 
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composition on the spectral results obtained of Comet 
9P/Tempel 1 by Lisse et al. [9].  The porosity profile of the 
comet nucleus is based on the results of a comet 
aggregation model. 

The shape of the nucleus has been modeled after the 
March 12, 2003 Hubble Space Telescope observations of 
C67, and later refined by Lamy et al. [19], who detected the 
thermal emission of C67 using the Spitzer Space Telescope.  
Radiometric techniques could then be applied to eliminate 
the earlier assumptions of phase angle and albedo.   These 
observations presented a mean radius of 1.93-2.08 km and a 
3-d shape with dimensions 4.40–5.20 km, 4.16–4.30 km, 
and 3.40–3.50 km, assuming a low thermal inertia on the 
order of 20 J K-1 m-2 s-1/2 [19].  Using larger thermal inertia 
yields a mean radius upper limit of 2.3 km.  These values 
are consistent with a similar study by Kelley et al. [20], 
which yielded a radius of 1.87 ± 0.08 km. 

Once the geophysical models were completed, relative 
dielectric permittivities were assigned to each comet layer 
on the basis of porosity (density), temperature, and dust 
fraction.  Model A varies only with dust fraction, between 
4.386-i0.0121 in the dust mantle and 2.081-i0.000182 in 
one of the inner layers.  Model B varies only with porosity, 
from 3.8205-i0.00281 in the dust mantle, to 1.7777-
i0.00281 in the crystalline ice crust.   

The modeled dielectric permittivities are consistent 
with the expected deep penetration of the CONSERT wave 
through the nucleus. It is also clear that the changes in the 
physical properties of the nucleus induce substantial 
variation in the dielectric properties of cometary material 
that can be identified in the radar tomography.  
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Figure 3: Dielectric models of 67P, showing the real part (left column) and the loss tangent (right column).  Models not to scale. 
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EFFECTS OF PLANETARY RADIUS ON PLATE FLEXURAL STRESSES AND MAGMA ASCENT ON
THE TERRESTRIAL PLANETS. M. M. Litherland1 and P. J. McGovern2, 1Department of Earth Science, Rice
University, Houston, TX 77005 (mairi@rice.edu), 2Lunar and Planetary Institute, Houston, TX 77058
(mcgovern@lpi.usra.edu).

Introduction: Volcanic processes occur on all the
terrestrial planets and the moon. However, while Mars
is home to a few very large volcanoes, on the Moon
and Mercury volcanism is manifested mostly through
broad and flat volcanic plains. Venus and Earth have
relatively large numbers of intermediate-sized struc-
tures. These variations suggest that the size of a planet
may have an effect on the construction of volcanic edi-
fices on its surface.

A load placed on the lithosphere causes flexure: the
vertical movement of the lithosphere in response to the
load. This in turn produces a field of stresses in the
lithosphere. If the load is a volcano, this stress can
impede or assist continued magma flow to the surface,
and consequently it plays a role in what size and shape
of volcano is likely to form. Studies have examined
the effect of parameters such as the elastic thickness of
the lithosphere and the size of the volcanic load [1], but
they have mostly used models that assume a flat litho-
sphere, with no curvature. When flexure occurs on a
spherical object such as a planet, there is an additional
membrane stress due to the curvature in the litho-
sphere. This curvature is inversely proportional to
planetary radius. We examine how this might lead to
variations in volcano formation depending on planetary
radius R .

Fig. 1 Flexure of the lithosphere under the load of a conical
volcano. The dashed line shows the location of the top of the
lithosphere; the area above this line is filled with volcanic
material.

Flexure Models: We modeled the flexure of the
lithosphere under a range of conditions by systemati-
cally varying planetary radius R, gravity g, volcano
height h and radius r, and lithospheric elastic thickness
Te. Three types of positive load—a cone, truncated
cone, and annulus—were modeled using axisymmetric
geometry [1]. The depression created by the flexing of
the lithosphere was assumed to be filled with material
of the same density as the edifice (Fig. 1). We used
densities of 3300 kg/m3 for the lithosphere and 2800
kg/m3 for the volcano.

Beginning with conical volcanoes, we calculated
models for a flat plate (infinite R) using Comer’s thick
plate analytic flexure solution [2], which breaks the
edifice down into harmonics using the Hankel trans-
form. For the models of planets with finite radius, we
separated the load into a series of stacked disks and
then calculated a thin plate model for the flexure using
Brotchie’s spherical solution [3]. Two runs of this
model suite were made: one where the gravity was held
constant as the R varied, and one where we assigned a
constant planetary mean densityand g was calculated
from and R. For this final model, we also calculated
the flexure for volcanoes in the shape of truncated
cones and annuli.

Volcanoes are modeled as a positive load on the
lithosphere, but it is also possible to use a negative load
value to form a basin carved out of the lithosphere.
This allows examination of the type of volcanism
commonly found in the mare basins on the Moon. To
study such basins, we used the profile of a young lunar
crater, Copernicus, and scaled it according to the
depth-diameter relation given by Williams and Zuber
[4] in order to examine a variety of basin sizes. Mod-
eling flexure for impact basins is more complex than
for volcanoes because the initial compensation state is
unknown. Impact basins may be slightly undercom-
pensated (the load will experience uplift) or signifi-
cantly overcompensated (the load will subside) [5].
We used basins with varying degrees of compensation
in order account for all possibilities when considering
how volcanic processes in basins might occur [6].

Magma Ascent: The stress state of the lithosphere
affects magma ascent by regulating the propagation
and direction of dikes. Both the magnitude and gradi-
ent of the stress affect the ease of magma ascent in a
particular location. Extensional stress is necessary to

16 2008 Intern Conference



allow fractures to open for dike formation, and a posi-
tive stress gradient (where the stress becomes more
extensional closer to the surface) facilitates upward
movement of magma from its source [7]. Few loca-
tions meet these conditions all through the lithosphere,
but magma buoyancy and pressure from the magma
source allows magma to ascend even if the stress con-
ditions are slightly unfavorable. We set thresholds of -
1.0 x 107 Pa for the stress and -1.0 x 104 Pa/m for the
stress gradient as allowable for magma ascent, although
the exact level is unknown and depends on the unique
conditions of each area of volcanism.

Both horizontal normal stresses (and their gradi-
ents) are considered when looking at magma ascent:
radial stress and tangential stress. The relative magni-
tudes of these stresses determine the favored direction
of dike formation, with an extensional radial stress
needed to produce circumferential features, and an
extensional tangential stress producing radial faults.

Results: For a positive load, including the effects
of R in flexure calculations caused the radial stresses to
become more compressive throughout the lithosphere
beneath the load. This is due to the membrane stress
produced by the inward movement of a spherical shell.
The tangential stress was slightly more compressive at
the center of the edifice, but significantly more exten-
sional on the flanks. Both effects were most pro-
nounced for smaller planetary radii. A comparison
between the stress state for a flat plate and a planet of
radius 1500 km is seen in Fig. 2.

When planetary radius is the only factor varied, the
results suggest that magma ascent is generally more
difficult on smaller planets. However, planets with a
smaller radius will also have lower gravity. When the
gravity was calculated as a function of planetary radius
instead of being fixed at the same value for all planet
sizes, smaller planets had lower magnitude stresses
everywhere with other factors held constant (Fig. 3).

On a flat plate, the stress at the top of the litho-
sphere is always equal and opposite to the stress at the
bottom of the lithosphere, so there will never be a loca-
tion where the stress is extensional all the way through
the lithosphere. However, with the spherical model the
tangential stress can be positive throughout the litho-
sphere on the lower portions of a volcano and in the
plains surrounding it (Fig. 2b). When combined with a
positive stress gradient, this encourages the formation
of radial dikes around the edifice even if buoyancy or
pressure conditions are not favorable. Fig. 4 shows the
regions where this occurs. With a flat plate model, this
favorable region is not seen, because the stress magni-
tude is always negative in some part of the lithosphere.

In cases where a conical shape causes a large
amount of stress to impede magma ascent, other shapes
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Fig. 5 For an undercompensated basin: (a) topography of the
basin (the top line shows the flexure), (b) radial stress, (c)
stress gradient, and (d) magma ascent conditions. This situa-
tion favors magma ascent into the basin.

such as truncated cones and annuli may be form instead
[1]. These edifices allow for a slight “unflexing” of the
lithosphere in their center, but it is not enough to allow
magma ascent. Especially on small planets, the stress
state under these edifices is not much more favorable
than it is under conical volcanoes.

The stress produced in the lithosphere by an under-
compensated basin is the opposite of what is produced
by a positive load. Due to the membrane stress, the
radial stress is more extensional and tangential stress is
less so. Extensional radial stress underneath the basin
produces a region favorable to magma ascent (Fig. 5).
This region is especially likely to produce circumferen-
tial dikes. A basin with superisostatic compensation
produces a positive load, and the stress underneath the
lithosphere was similar to the other volcanoes, with an
unfavorable region for ascent underneath the basin.

Discussion: Planetary radius directly affects the
stress under positive loads by causing it to become
more compressive. Bodies with a smaller radius have
more compressive stress on average, and this generally
inhibits magma ascent. However, the radius also plays
an indirect role in magma ascent because gravity is
lower on smaller planets. This causes two opposing
effects: inhibiting compressive stresses have a smaller
magnitude, but the magma has less buoyancy on a
small planet than on a large one under the same condi-
tions. Further work should study the effect of planetary
radius on magma buoyancy, but magma ascent is
probably generally more difficult on smaller planets.

For all positive loads, the stress underneath the vol-
cano causes an unfavorable state for magma ascent, yet
clearly magma ascends in the center of volcanoes.
Rumpf and McGovern suggested that truncated cones

and coronas might allow magma ascent in the central
part of the edifice [1], but when planetary curvature is
considered, the stresses are found to be too compres-
sive even with these shapes, particularly on smaller
planets. There are several factors that our models do
not take into account that can explain this. Since the
flexural response is not immediate, large volcanoes can
form before the stress state becomes too unfavorable.
Also, the central conduit of a volcano becomes altered
by the passage of magma, and can continue to allow
magma ascent even after the surrounding stress state
becomes too compressive [8,9].

The zones of extensional tangential stress produced
around positive loads on spherical bodies strongly fa-
vor the production of radial dikes, which could explain
why radial features are found around many volcanoes,
particularly on Venus [10]. Such regions may also
have contributed to the formation of the “wings” of
magma found on the Tharsis Montes on Mars. These
three volcanoes lie in a straight line, and each has ex-
cess magma buildup on its flanks along this line. The
extensional tangential force surrounding each volcano
would be reinforced along the line, leading to the extra
magma. However, more rigorous modeling of this
situation would be needed to explore the possibility.

The models show that initially undercompensated
basins are likely to fill with magma, while initially
overcompensated basins are not. This suggests that the
initial superisostatic uplift inferred [5] for several lunar
basins is inconsistent with the voluminous mare depos-
its within them. Instead, the densification of crust by
the feeder dikes [11] may account for the anomolous
gravity signal.

As these are only basic models, they do not take
into account factors such as changes in elastic thickness
over time, regional stresses, or preexisting weaknesses
in the rocks. They also do not model the effects of
gradual volcano growth. Nonetheless, including plane-
tary radius strongly influences the stress state of the
lithosphere under a volcano that should be taken into
account when examining magma ascent, particularly on
small bodies.
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INVESTIGATING OBSERVED TEMPORAL CHANGES IN HYDROCARBON EMISSION 
ON NEPTUNE 

  Ayesha Mahmud, Carleton College, Northfield, MN 
Julianne Moses, Lunar and Planetary Institute, Houston, TX 

  
Our model results suggest that seasonal differences in hydrocarbon abundances between the Voyager era time period (1989, Ls ~ 
235˚) and the Spitzer observation time period (2005, Ls ~ 270˚) are alone not sufficient to explain the observations. Similarly, the 
hydrocarbon abundances in our model are relatively insensitive to reasonable changes in the assumed global-average thermal 
structure, methane abundance, methane homopause level, or adopted chemistry. The observed differences are likely the result of 
dynamical properties of the atmosphere varying with latitude and/or time, with a more stagnant lower stratosphere (i.e., lower 
eddy diffusion coefficient or downwelling region) covering more of the visible portion of the globe in the Spitzer era as com-
pared with the Voyager era.  
 

Introduction: Our knowledge of hydrocarbon photo-
chemistry in Neptune’s stratosphere has constantly 
evolved over the past few decades, owing largely to a 
wealth of observations from ground and space that 
continuously shed new light on the composition of the 
stratosphere. Infrared Space Observatory (ISO) and 
Spitzer observations of previously undetected species 
in Neptune’s atmosphere [1,2,3] have generated inter-
est in recent years. Methane (CH4) and its photochemi-
cal products dominate the chemistry in Neptune’s 
stratosphere, as methane is the only photochemically 
active parent species that can make it past the tropo-
spheric cold trap in sufficient abundance. In the upper 
stratosphere, ultraviolet photolysis of methane gener-
ates the production of more complex hydrocarbons 
that are observed through their emission in the infra-
red.  

Recent observations of Neptune with Spitzer’s In-
frared Spectrometer (IRS), which is two orders of 
magnitude more sensitive than previous space-based 
instruments, led to the detection of new trace species, 
such as CH3C2H, C4H2, C6H6, and confirmed the iden-
tification of other hydrocarbon and oxygen species 
such as C2H2, C2H6, CH3, C2H4 and CO2 [3]. In addi-
tion, the broad wavelength coverage of the IRS in-
strument has allowed the temperature to be better con-
strained, from the H2 quadrupole lines, H2 continuum 
and ν4 methane band, thereby allowing better determi-
nation of the abundances of emitting species. Hydro-
carbon and CO2 abundances derived from the recent 
Spitzer data indicate greater hydrocarbon abundances 
than observations and photochemical models from the 
Voyager era [4,5,6].  But, has there been an actual 
increase in stratospheric hydrocarbons in the 16 years 
since the Voyager 2 encounter? This is a difficult 
question to answer as the recent observations could be 
explained by either an increase in atmospheric tem-
peratures over time or an actual increase in hydrocar-
bon abundances, since both affect the observed inten-
sity of the molecular emission features. The apparent 
increase on Neptune could be related to seasonal 
changes in temperature and photochemical production 
rates, or it could be related to dynamical effects such 
as those producing the unexpectedly elevated tempera-

tures in the south polar region observed in recent 
ground-based observations [7]. We use a steady-state 
and a seasonally variable photochemical model for 
Neptune’s stratosphere to investigate the possible 
causes of the recent enhanced hydrocarbon emission 
on Neptune, with the hope of determining the relative 
roles of enhanced temperatures and enhanced abun-
dances in explaining the observed temporal changes in 
emission intensity.  
 

The Model: We have developed a one-dimensional, 
time-variable model for Neptune’s stratosphere that 
incorporates hydrocarbon and oxygen photochemistry, 
transport by eddy and molecular diffusion, and radia-
tive transport including multiple Rayleigh scattering 
from gases. We use the Caltech/JPL KINETICS code 
[8] to solve the coupled one-dimensional continuity 
equations for each of the ~140 molecular species in 
our model. The reaction list and photolysis cross sec-
tions are taken from “Model C” of [9]. The atmosphere 
is split into 93 levels for calculations, with the pressure 
falling from 6.3 bar to ~10-6 mbar. For boundary con-
ditions we used fixed concentrations for the major 
tropospheric species (H2, He, CO, CH4) at the lower 
boundary. For the deep CH4 abundance, which is not 
known precisely for Neptune, we adopt the values of 
[10], which are derived from Spitzer observations. We 
assumed zero flux at upper boundary for all species, 
except for H, which diffuses down from the thermo-
sphere, and H2O, CO, CO2, which are assumed to have 
an external source [11]. Our seasonal model is similar 
to [12] and it takes into account the time variation of 
the solar insolation. Low-to-average solar ultraviolet 
flux values are used in our steady state models, which 
is similar to [9]. We adopt the temperature structure 
derived from Spitzer observations for all our models 
(unless mentioned otherwise) [10]. The calculations 
for the steady state model results presented here were 
made at 32˚ south latitude. The seasonal model was 
run for ~2000 years to allow high altitude effects to 
diffuse through the atmosphere.  
 
Results and Discussion: Our model results are sensi-
tive to several free parameters – the eddy diffusion 
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coefficient profile, temperature profile, CH4 abun-
dance, chemical reactions and rate coefficients at low 
temperatures and pressures – that are yet to be deter-
mined precisely for Neptune. The eddy diffusion coef-
ficient (K) profile, which indicates the strength of at-
mospheric mixing, is our main free parameter. It af-
fects the altitude to which methane is carried and the 
column abundances of the photochemical products. 
We investigated the sensitivity of the photochemical 
model to the K profile by changing the slope of the K 
profile for pressures below 0.1 mbar. Changing the 
slope in the upper atmosphere from 0.10 to 0.68 causes 
a ~ 35% increase in the C2H6 column abundance 
around the 0.2 mbar level. It causes a larger change of 
~ 90% in the C2H2 column abundance at ~0.2 mbar.  

The model’s temperature profile, which affects 
chemical reaction rates, column abundance of con-
densable species and emission intensity, is constrained 
by Spitzer observations. We tested the sensitivity of 
the model results to the stratospheric temperature pro-
file by using a slightly warmer profile as well as a 
slightly colder one, which is consistent with [13]. 
Changes in temperature of about 12-15 K near the 0.1 
mbar level generate less than 10% change in the col-
umn abundances of C2H6 and C2H2. The changes in 
abundances of the various species, due to the different 
temperature profiles considered here, do not appear to 
be large enough to account for the apparent abundance 
increases suggested by the Spitzer observations. 

We used “Model A” and “Model C” of [9] to com-
pare the difference in the model results as a result of 
changing the model chemistry. The difference in 
chemistry between the two models is described in [9]. 
We found less than 10% change in the C2H6 abun-
dance around 0.1 mbar, but there was an almost 50% 
decrease in C2H2 abundance at the 0.1 mbar level as a 
result of changing the model chemistry from “Model 
C” to “Model A”.  

Our sensitivity tests seem to indicate that none of 
the changes in the free parameters considered so far 
are sufficient to fully explain the observed temporal 
changes in hydrocarbon abundances, with perhaps the 
exception of the eddy diffusion coefficient in the lower 
stratosphere. We find that changing the value of the 
eddy diffusion coefficient in the lower stratosphere 
(below the 10 mbar level) from 5 × 102 to 4.3 × 102 
cm2 s-1, and changing the slope of the profile in the 
upper atmosphere (above the 0.1 mbar level) from 0.39 
to 0.68, results in hydrocarbon abundances similar to 
that derived from the Spitzer analysis (see Fig. 1, 
Fig.2).  

 
 
Fig. 1. The change in the model-derived C2H6 mole fraction 
as a result of the change in the eddy diffusion coefficient 
profile. The dashed line is our best fit model for the Spitzer 
hydrocarbon abundance derivations of [10] (two points rep-
resented by stars). The solid line corresponds to our model 
fitting the Voyager era data. The symbols represent data 
points from various studies from the Voyager era. 
 

 
 
Fig. 2. The eddy diffusion coefficient profiles used for the 
two models shown in Fig. 1. The dot-dash line represents the 
methane molecular diffusion coefficient. 
 

We examined the variation of hydrocarbon abun-
dances with latitude and season on Neptune by using 
our time-variant photochemical model (see Fig.3, 
Fig.4). Since both the eddy diffusion coefficient pro-
file and the temperature profile are assumed to be lati-
tude invariant in our model, latitudinal variations are 
caused solely by the differences in solar insolation 
across latitudes. Our model results show that solar flux 
variations due to changes in season have a greater im-
pact on hydrocarbon abundances at pressures less than 
0.1 mbar. Longer vertical diffusion times, at lower 
altitudes, make the hydrocarbon abundances less sensi-
tive to insolation changes. Thus, relatively long lived 
hydrocarbons vary slightly, in the lower stratosphere, 
with changing season. On the other hand species with 
shorter lifetimes exhibit greater seasonal variation, 
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even at relatively low altitudes. The results of our sea-
sonal model indicate that the column abundances of 
the hydrocarbons between the two time periods – the 
time of the Spitzer observation (Ls ~ 270˚) and the 
Voyager ear (Ls ~ 235˚) – are not significantly differ-
ent, suggesting that dynamical rather than seasonal 
effects could be the cause of the observed temporal 
changes.  
 

 
 
Fig. 3. The model-derived mixing ratio profiles for C4H2, 
C2H2, and C2H6 as a function of season for -32˚ planetocen-
tric latitude. The dashed lines represent Ls = 90˚ (southern 
winter solstice). The dot-dash line represents Ls = 180˚ 
(southern vernal equinox). The dotted line represents Ls = 
270˚ (southern summer solstice). The solid line represents Ls 
= 360˚ (southern autumnal equinox). The symbols (not men-
tioned above) are from various studies from the Voyager era. 
 

 
 
Fig. 4. The model-derived mixing ratio profiles for C4H2, 
C2H2, and C2H6 as a function of planetocentric latitude for Ls 
= 270˚ (southern summer solstice). The dashed lines repre-
sent 80˚ south latitude. The dot-dash line represents 56˚ 
south latitude. The dotted line represents 32˚ south latitude. 
The solid line represents 0˚ latitude.  
 

The seasonal variations in our Neptune model are 
quantitatively very different from those found for Sat-
urn [12] in that the seasonal changes are more muted 
on Neptune.  These differences likely result from the 

greatly reduced solar flux at Neptune’s great distance 
from the Sun and from the increasing importance of 
isotropic ultraviolet sources such as solar Lyman alpha 
scattered from the local interstellar medium and UV-
bright stars [e.g., 6].  Differences in vertical transport 
time scales may also play a role.  The differences are 
largest at high latitudes, where hydrocarbon abun-
dances are only mildly reduced during the Neptune 
polar winter, whereas some short-lived hydrocarbons 
like C4H2 completely disappear at high altitudes during 
the Saturn polar winter.  Similarly, the latitude varia-
tion of hydrocarbon abundances are more muted on 
Neptune than on Saturn. 

  
Conclusion: Our model results seem to suggest that 
the apparent difference in abundances indicated by the 
Spitzer Neptune observations, if real, is most likely 
due to changes in atmospheric dynamics, including 
changes in eddy diffusion coefficients or vertical 
winds, with time and/or latitude. A smaller eddy diffu-
sion coefficient in the lower stratosphere can lead to 
the build up of hydrocarbons. However, the relatively 
long radiative and transport time scales on Neptune’s 
stratosphere make it unlikely to see the magnitude of 
change in hydrocarbon abundances in ~16 years that is 
suggested by the Spitzer observations.  

The enhanced hydrocarbon emission could perhaps 
be explained by downwelling at high latitudes in the 
southern hemisphere, as suggested by recent ground 
based thermal IR observations showing a stratospheric 
“hot spot” located at 65-70˚S that was not in view dur-
ing the Voyager era [7]. It is impossible to conclude, 
based on our preliminary model results, whether the 
apparent increase in hydrocarbon abundances since the 
Voyager era is real, and if so, the cause of this in-
crease.  Further modeling and analysis is required for 
firm conclusions.  
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CHEMICAL COMPOSITIONS AND ORIGINS OF GRANULITE CLASTS OF INTERMEDIATE MG* IN
LUNAR METEORITE ALHA 81005. K.E. Rahilly1 and A.H. Treiman2, 1Smith College, 7 College Lane,
Northampton, MA 01063, krahilly@email.smith.edu, 2Lunar and Planetary Institute, 3600 Bay Area Boulevard,
Houston, TX 77058, treiman@lpi.usra.edu

Lunar Highland samples, from Apollo and
meteorites, contain fragments of metamorphic
granulites with a wide range of compositions [1]. This
composition range has been explained as impact
mixing of the two dominant rock types of the Lunar
Highlands: Mg-suite plutonic rocks, and ferroan
anorthosites, FAN [2, 3]. However, meteorite
granulites must also include an Mg-rich anorthositic
component (MAG), not represented among Apollo
pristine lunar rocks [1]. Our work focuses on these
intermediate-composition granulites -- and whether
they might be simple mixtures of FAN and Mg-suite or
MAG components. We analyzed mineral compositions
and proportions in a number of granulite clasts in
Lunar Highland meteorite ALHA 81005 and calculated
their bulk compositions. Plotting these compositions
on Figure 1, we were able to test three possible models
for intermediate-granulite origin. We find that: simple
(2-component) mixing cannot explain the granulite
compositions (but that multiple FAN compositions
help), that solid-state diffusion has affected some
granulite clast compositions, and that some granulite
compositions must have arisen through igneous
differentiation.

Figure 1. Plot of granulite composition ranges predicted by
the three models we will be testing. Meteorite MAG clasts
were analyzed by Maloy and Treiman [4].

Sample and Methods: Meteorite ALHA 81005 is a
Lunar Highlands anorthositic breccia [5, 6] found in
the Allan Hills region of Victoria Land, Antarctica in

1981 [7]. ALHA 81005 is a lithified regolith breccia,
containing many lithic, mineral, and glass fragments
with various degrees of shock-induced cracking.
Among the clasts is a fine-grained matrix of

Figure 2. Compositions of granulites we have studied
compared to Mg-suite and FAN rocks. All granulite
compositions are assumed to be a mole %An value of 96.

lithified agglutinates [5]. Bulk compositions of
granulites in ALHA 81005 range from MAG to FAN
(Fig. 2) [6]. Granulite clasts in thin section ALHA
81005,9 were analyzed using electron microbeam
instruments. Mineral chemical analyses were by
electron microprobe: the SX100 at JSC and the JEOL
8600 at the University of Houston. Standards included
well-characterized natural and synthetic materials;
analyses were with a focused beam of 10-40 nA
current at 15kV accelerating potential. Elemental maps
using x-ray emissions at energies of characteristic x-
rays as well as backscatter (BSE) images (Fig. 3) were
obtained using the SX 100 and a JEOL FEGSEM at
JSC.

EMP chemical analyses and x-ray maps were
completed for eight granulite clasts: A, F3, T2, R, K3,
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W, Q3, and N3. Granulites chosen had homogenous,
fine-grained textures to ensure they represented bulk
compositions rather than melts rich in one mineral. A
clast analyzed by Laul et al. [8] was also considered.

Figure 3. BSE images with blacked-out backgrounds of four
of the nine granulites analyzed. Plagioclase is represented by
the darkest grey, pyroxene by the medium grey, and olivine
by the brightest grey. (A) Clast F3 (Note the bright, Fe-rich
rim and darker Mg-rich core). (B) Clast T2. (C) Clast W. (D)
Clast R.

By inputting EMP x-ray maps into ImageJ and
MultiSpec image processing software, we were able to
classify minerals within each clast to obtain mineral
proportions [9]. Combining EMP chemical analyses
with mineral proportions allowed us to find bulk
composition of each clast. Assuming a mole %An
value of 96 [molar Ca/ (Ca+Na)], we could plot Al2O3

concentrations against average olivine Mg* (Fig. 4).
The resulting graph allowed for analyses of our three
models compared to granulite bulk compositions.

Results: The eight granulites selected from thin
section ALHA 81005,9 (and the Laul clast [8]) are
representative of Mg-suite, FAN, and intermediate
compositions.

Clasts R (Fig. 3-D) and A are very magnesian, with
Mg*s of 82.9 and 80.5, respectively. Both clasts are
essentially identical to the magnesian anorthositic
granulites (MAG) described by Maloy and Treiman [4]
(Fig. 4). Clast A includes a small proportion (1.4%) of
Al-Cr spinel, as did several MAG described by Maloy
and Treiman [4].

Clast T2 (Fig. 3-B) has the highest abundance of
plagioclase (90.2%) and thus the highest Al2O3

concentration (32.4% of the analyzed clast). With an
Mg* of 50.5, it is a fine-grained FAN granulite.

Five of the eight granulites analyzed have
compositions between those of the MAG [4] and FAN
rocks. Clast W (Fig. 3-C) is Al2O3 rich with 30% Al-Cr
spinel and 48% plagioclase. Unlike clast T2, W is also
fairly magnesian, with an Mg* of 75.5. Clasts K3 and
N3 have the same bulk Al2O3 concentration of 21.5%
and Mg*s of 78.7 and 78.9, respectively. Clast Q3
contains more plagioclase and less mafic material
(olivine+pyroxene) than K3 and N3, but has a similar
Mg* of 78.0. The last clast, F3 (Fig. 3-A), has Mg-rich
olivine and pyroxene in its core, but more Fe-rich
olivine and pyroxene near its rim. Olivine in the core
has a Mg* of 73.5 ± 3.5, while that at the rim has 68.7
± 2.5. Despite being compositionally varied, granulite
F3 is texturally homogeneous.

Laul et al. [8] describe their clast as being a “white
clast” with a concentration of 25.9% Al2O3 .

Figure 4. Bulk compositions of analyzed granulite clasts as
well as four mixing lines of various original compositions.
Note the addition of clasts from the literature: Meteorite
MAG clasts [4], Laul clast [8], clast Dho081 Anorthosite
[10], and FAN clast 60025 [10].

Discussion: We compared our analyzed granulite
compositions with those expected from models
involving rock mixing, solid-state diffusion, and
igneous processing (Fig. 1). As can be seen on Figure
4, compositions of the eight granulites studied (and the
Laul clast [8]) cannot all be explained by one of these
models. We have direct evidence in one clast each of
solid-state diffusion and igneous processing. The
remaining clasts cannot be explained by mixing of
MAG [4] and any single FAN composition. In fact,
mixing, diffusion, and igneous processes would be
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needed to fully describe the compositions of all nine
granulites.

Mixing model. Perhaps the most obvious evidence
for the plausibility of the mixing model is the
composition of clast Q3. This granulite plots precisely
on the mixing line between the MAG compositions of
Maloy and Treiman [4] and the FAN composition of
lunar meteorite Dho081 [10]. Laul’s clast [8] could
also be explained as a mixture of MAG [4] and a
ferroan troctolitic anorthosite composition we have
calculated (like clast T2, but with 86% plagioclase and
14% olivine (Fig 4)). This more mafic anorthosite
composition is consistent with some compositions
predicted for Lunar Highland rocks [10, 11]. Two
different mixing events would therefore need to occur
to form both clast T2 and the Laul clast [8].

Diffusion model. Three clasts may follow the trend
for diffusion between a Mg-rich core and Fe-rich melt:
K3, N3, and F3. Both K3 and N3 are just below the
MAG [4] cluster, meaning they may have undergone
some amount of diffusion in order to become richer in
Fe. However, direct evidence for diffusion is
represented by the Fe-rich rim and Mg-rich core of
clast F3, seen clearly in its backscatter image (Fig. 3-
A). On Figure 4, this granulite cannot be included
within the MAG cluster [4]. Nor can it be described by
a mixing line such as those used for T2 and the Laul
clast [8].

Igneous processes model. A number of granulites
studied could have compositions resulting from an
igneous process. The plausibility of this model is
supported by the fact that the composition of clast W
cannot be created by any other means but through
crystal accumulation. The addition of small amounts of
chrome to the forsterite-diopside-anorthite system
produces spinel on the liquidus and crystallizes spinel,
forsterite, diopside, and anorthite as seen in clast W
[12]. No original lunar melt compositions exist that
could mix to form such a spinel-rich clast.

Conclusions: Granulites analyzed from thin
section ALHA 81005,9 have compositions consistent
with all three models: mixing, diffusion, and igneous
processes. Although this raises many new questions as
to the complex interplay between these models, one
definitive conclusion can be made: simple mixing
between MAG [4] and FAN rocks cannot completely
explain the intermediate-composition granulites. At
this point, the granulites plotted on Figure 4 can only
be explained by some combination of two different
mixing episodes, diffusion, and crystal accumulation.
Further development of the story behind these
intermediate granulites is needed to understand their
effect on the geologic history of the highlands. A
comparison between these granulites and available

Apollo samples could reveal how our three models
endure when tested by other highland rocks.
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Petrologic Analysis of Clasts in Lunar Meteorite Dhofar 1180. E. K. Smith1 and D. A. Kring2, 1 Dept. of
Geosciences, Georgia State University P.O. Box 4105 Atlanta, GA 30302, Atlanta, GA 30303
esmith54@gsu.edu, 2Lunar and Planetary Institute 3600 Bay Area Boulevard, Houston, TX 77058

Introduction:
Lunar samples returned during the

Apollo and Luna missions were radiometri-
cally dated, revealing ages and isotopic dis-
turbances around 3.9 Ga.[1] The prevalence
of dates around 3.9 Ga led to the theory of a
lunar cataclysm -- a spike in bombardment
intensity following the lessening post-
accretion flux. However, these samples were
all taken from the near side of the Moon,
which is dominated by mare basalts [4].
Therefore, the radiometric ages may only be
representative of this region. Lunar meteor-
ites provide a random sampling of the entire
lunar surface and are therefore an essential
tool in the study of the Moon and especially
for testing the lunar cataclysm. For this rea-
son the focus of our study is Dhofar 1180, a
lunar meteorite that was recovered in Oman
in January of 2005. [2]

Methods:
Our sample of Dhofar 1180 is a 100 um-

thick thin-section (split LPL 1093,1). This
greater than normal thickness allows the
sample to be microdrilled for later Ar-Ar
analysis as was done by Cohen et al. [3]
while still transmitting light, but limits the
use of standard optical analysis. As a result,
our petrologic assessment of the sample was
done almost entirely with a Cameca SX-100
electron microprobe at the Johnson Space
Center.

Backscattered electron imagery from the
microprobe was used for textural evalua-
tions of the sample.

The microprobe was calibrated to ana-
lyze for Ca, Na, Mg, K, Mn, Fe, Ni, Ti, Cr,
P, Si, Al using the standards kaer, or1, olig,
apat, crmt, RHOD, and NiO or DODI for
Ni. Different Ni standards were used due to
technical difficulties with the NiO standard.
The beam voltage was 15 keV and the cur-
rent used in the first analyses was 15 nA. A
current of 20 nA was used in later analyses

for better contrast between the phases in the
sample. The peak integration time was 20s
for most elements, but the more volatile
elements (Na, P) were allotted times of 10s
and measured first.

Results:
Dhofar 1180 is a breccia with a matrix of

fine mineral fragments and glasses. Numer-
ous clasts are supported by this matrix,
ranging from less than 10 um in size to just
over 5 mm (5000 um) For the purpose of
our study, some of the clasts were examined
in greater detail.

Ten clasts were investigated for texture
and major element chemistry using the mi-
croprobe. They are shown in figure 1, be-
low.

Figure 1. Backscattered electron image mo-
saic of Dhofar 1180 showing the investigated

clasts. Scale bar to the lower left is 5 mm.

Clast 1 is the largest clast in the sample.
The crystalline matrix is anhedral grains of
mostly feldspathic material with no ob-
served orientation. Included are many angu-
lar fragments of feldspathic material. The
entire clast is compositionally feldspathic.
An contents range from An 91 to An 99,
with most values between An 96 and 97.
The included clasts tend to have higher An
contents than the bulk matrix.

Clast 2 is a rounded rectangular crypto-
crystalline clast. The grains are anhedral and
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the orientation varies by region. Three
phases are apparent in the BSE image, all of
which are Fe-rich. Two pyroxene phases
were apparent, a Fs-rich (Wo11En7Fs82)
pyroxene and a more calcic pyroxene
(Wo33En9Fs58). One Fa94 olivine was
found, and a Fe-rich silicate (72 wt % SiO2)
phase was present.

Clast 3 is almost circular in overall shape
with a basaltic composition and a complex
texture that shows two domains. The lower
portion has small feldspar laths (between 4
and 10 um in length and 2-3 um in width)
with high aluminum pyroxene
(Wo36En41Fs23) composition material be-
tween the laths. Some fragments of plagio-
clase are included. The texture in this region
indicates crystallization of a melt, possibly
an impact melt. The upper domain is more
heavily fractured and has coarser (5-35 um
wide and 5-55 um in length) anhedral
grains. This could be a fragment of target
rock

Clast 4 is an angular clast of micropor-
phyritic olivine basalt. There are eu- to sub-
hedral zoned magnesium-rich olivines
(Fo71) and pyroxenes (Wo19En58Fs23)
included in a melt matrix with a striated or
‘haystack’ texture. The elongated matrix
phases (74% of the clast) often appear to
extend from the mineral grains. Matrix py-
roxenes (Wo29En43Fs28) show higher Ca
and Al and lower Mg than the large grains.
The darker matrix phase is plagioclase
(An91).

Clast 5 is round with a rim of material
that varies in composition from the inside of
the clast. The matrix of the clast contains
small (~ 5 um) laths of plagioclase (An 96).
These laths are oriented in parts of the clast.
Clasts of olivine, pyroxene,and plagioclase
fragments are included.

Clast 6 is an anorthositic clast compris-
ing fragments of anorthitic grains in a melt
matrix of plagioclase laths (An95). The
grains were not observed to have an orienta-
tion.

Clast 7 is dominated by anhedral plagio-
clase grains (An95-97) with pyroxene

(En42Wo41Fs17) and olivine (Fo60Fa40)
grains in between.

Clast 8 has an angular overall shape and
a striated or ‘haystack’ texture with no in-
cluded clasts. The texture is dominated by
plagioclase (An 95-96) with interstitial py-
roxene (Wo38En32Fs30).

Clast 9 is an anorthositic clast with a
melt matrix of subhedral and lath-shaped
plagioclase (An96) with many larger angu-
lar plagioclase clasts. The entire clast is
fractured

Clast 10 is an anorthositic clast very
similar in texture to clast 9, but varying py-
roxene-like (from Wo17En74Fs9 to
Wo34En46Fs20) compositions are identifi-
able between the plagioclase (An95) grains.

Discussion:
The data support the classification of this

sample as a lunar meteorite [2]. In all clasts
sampled, the anorthite component of identi-
fied feldspars was consistently above 90
percent.

The textures of these clasts show varying
histories. Clasts 1,6,9, and 10 are similarly
microporphyritic and include anorthitic
fragments of the target rock. This suggests
an origin in an anorthositic target area. Clast
2 shows a texture that suggests non-
equilibrium crystallization, possibly exsolu-
tion of the phases. The iron-rich composi-
tion is different from the other clasts and the
lunar samples, indicating a different origin,
whether impact-derived or volcanic. Clast 3
is evidently an impact melt clast with frag-
ments of the target rock entrained. Clast 4
appears more volcanic in origin. This is
suggested by the crystallization of euhedral,
zoned Mg-rich olivines and pyroxenes first,
at a slower cooling rate, followed by extru-
sion and crystallization of the finely striated
matrix. Clast 5 contains many mineral frag-
ments in a well-crystallized matrix. This
matrix exhibits some orientation that sug-
gests flow of the impact melt between the
fragments. The poikilitic texture of clast 7 is
also potentially impact-melt derived. Clast 8
shows a similar texture to the matrix of clast
4, but the grains are much larger and no
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mineral clasts or phenocrysts are present. In
this case, the striated ‘haystack’ texture may
be a result of impact-melt origin [3, 5].

Conclusion:
Dhofar 1180 contains many anorthositic

clasts, but does contain some basaltic mate-
rial as well.This is consistent with the
chemical grouping as a mingled mare and
highland composition discussed by Bunch et
al. [6] based on data in [7]. More work is
needed to understand the chemistry of this
meteorite and constrain its origin.

Most of the clasts examined in this study
are likely impact melt clasts. This makes
Dhofar 1180 a good candidate for analysis
in order to further assess the lunar cataclysm
theory, as in Cohen et al. [3]. This is espe-
cially true if further analyses demonstrate an
origin distinct from the region sampled by
the Apollo and Luna missions.

References:
1. Turner G., Cadogan P.H., and Yonge C.J. (1973)
Proc. Lunar Sci. Conf 4th, p1889-1914
2. Connolly Jr. H. C., Zipfel J., Folco L., Smith C.,
Jones R. H., Benedix G., Righter K., Yamaguchi A.,
Chennaoui Aoudjehane H., Grossman J. J. (2007) Met.
& Planet. Sci. 42, p 413-466.
3. Cohen B.A., Swindle T. D., and Kring D.A. (2005)
Met. & Planet. Sci. 40,, p755-777
4. Heiken G.H., D. T. Vaniman, and B.M. French
(1991) Lunar Sourcebook.
5. Lofgren G.E. (1977) Proc. Lunar Sci. Conf. 8th,
p2079-2095.
6. Bunch T.E., Wittke J.H., Korotev R.L. (2006) 69th

Annual Meeting of the Met. Soc., abs. 5254
7. Korotev R.L. (2005) Chemie der Erde 65, p297-
346

Acknowledgements:
I am very grateful to Drs. Anne Peslier, Jason Herrin,
and Axel Wittman for their assistance and patience
with the microprobe. I would also like to thank the
Lunar and Planetary Institute for providing this oppor-
tunity.

2008 Intern Conference 27



THE PHOTOCHEMISTRY OF JUPITER’S TROPOSPHERE 
A. D. Sperier1 and J. I. Moses2, 1Baylor University (Waco, TX  76798), 2Lunar and Planetary 
Institute (Houston, TX 77058). 

 
Introduction:  In the troposphere of Jupiter, reac-

tions occur which affect the chemical composition.  
New observations from the Galileo and Cassini mis-
sions help define how the chemical composition of the 
troposphere changes as a function of altitude and lati-
tude.  These new data provide excellent constraints for 
testing theoretical models of the Jovian atmosphere.   

The atmosphere of Jupiter is mostly hydrogen 
(about 86%) and helium (about 13.6%) with trace 
amounts of other species (Taylor et al. 2004).   Based 
on only thermochemical equilibrium, the most reduced 
forms of the elements, such as ammonia (NH3), water 
(H2O), and hydrogen sulfide (H2S), would be the only 
other significant species present. Since other disequi-
librium constituents are observed, other processes must 
explain the composition.  The two main disequilibrium 
processes are rapid atmospheric mixing and photo-
chemistry (Moses et al. 2004, see also Prinn and Bar-
shay 1997, Fegley and Lodders 1994).  Hydrocarbon 
chemistry dominates the stratosphere of Jupiter, but 
NH3 and PH3 drive the photochemistry in the tropo-
sphere.  The last major photochemical model for the 
Jovian troposphere was published about ten years ago 
by Edgington et al. (1998, 1999) and was based on the 
chemistry presented by Kaye and Strobel (1983, 1984) 
and by Atreya et al. (1977).  Since these early studies, 
experimental work has given a better understanding of 
the photochemical mechanisms taking place on Jupiter.  
For example, the photolysis of PH3 and PH3-NH3 mix-
tures and their products have been studied in the labo-
ratory (Ferris and Benson 1981, Ferris et al. 1984).  
Coupled with the new observational data, the photo-
chemical models should be updated to reflect these 
advances.   

To fully understand the photochemistry of the Jo-
vian troposphere, we must also understand what causes 
the colors of the clouds.  This problem has been an 
enigma to astronomers for centuries (West et al. 1986), 
but we may be getting closer to the answer as more is 
understood about the chemical mechanisms.  The first 
report of hydrogen cyanide (HCN) by Tokunaga et al. 
in 1981 made scientists speculate that organic material 
produced from carbon-nitrogen chemistry could be 
causing the cloud coloration.  Later observations shed 
doubt on the detection of HCN (Bezard et al.  1995, 
Davis et al. 1997).  Our model tests the possible path-
ways for carbon-nitrogen chemistry to occur.  It must 
be understood that methane photolyzes at much higher 
altitudes than nitrogen, and the chemistry between 
these species is not highly coupled on Jupiter (Kaye 

and Strobel 1983a, 1983b, 1984, Raulin et al. 1979, 
Ferris and Morimoto 1981).    However, acetylene 
(C2H2) and NH3 may interact in the presence of ultra-
violet photons to produce coupled carbon and nitrogen 
chemistry (Ferris and Ishikawa 1988).  The problem is 
that C2H2 concentrations are much lower in Jupiter’s 
troposphere than those concentrations used in previous 
lab experiments.  We test the validity of our compiled 
reaction list and rate coefficients by simulating lab 
experiments and then use this reaction list to create a 
realistic photochemical model for the troposphere of 
Jupiter. 

 
Simulation of Laboratory Experiments:  We 

used a zero-dimensional “box” model to simulate lab 
experiments involving the photolysis of PH3 and PH3-
NH3 mixtures.  Many reaction rate coefficients are 
known, but a few unknown coefficients for some key 
reactions were treated as free parameters in our model.  
These were varied until the lab data of Ferris and Ben-
son (1981) and Ferris et al. (1984) were more accu-
rately reproduced in our model. The dominant species 
produced that were compared to the experimental lab 
data were P2H4 (diphosphine) and H2 in the experi-
ments involving PH3 only and different partial pres-
sures of NH3-PH3 mixtures.  Initially, our reaction list 
led to an overabundance of the P2H4 and H2 species in 
our output as compared with the lab data.  Two main 
reactions that had unknown reaction rate coefficients 
were changed to better match the experimental data:  
a.) P2H3 + H2 → P2H4 + H and b.) 2P2H3 → P2H4 + 
P2H2.  The reaction rate coefficient changes that best 
reproduced one set of conditions were not necessarily 
the best  for another set, and therefore, a compromise 
solution was developed that fit all laboratory product 
yields within a factor of 2 or 3.  Another main conclu-
sion from simulating the lab data was that the concen-
trations of the photolysis products were not dependent 
on the concentration of H2 in the system – a result con-
sistent with the lab data.   

We also tested NH3-C2H2 mixtures and obtained 
quantum yields for nitrogen products that were compa-
rable to Keane et al. (1996).  For example, the quan-
tum yield of methylamine (CH3NH2) according to 
Keane’s experiments at 296 K was 0.003 and our 
model produced 0.004.  For acetonitrile (CH3CN), his 
experiments produced 0.010, and ours produced 0.013.  
Similarly, our quantum yield for HCN was 0.002 com-
pared to 0.004 from Keane et al. (1996).  However, 
when compared to acetaldehyde hydrazone 
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(CH3CH=NNH2), he obtained 0.010, and our model 
produced 3.5x10-6.  Overall, the results were not an 
exact match to the lab data, but it was a vast improve-
ment over the reaction list adopted by Kaye and 
Strobel (1984), as seen in Figure 1.  

 

 
Figure 1: A comparison of P2H4 production over time in the 
models (Stars represent our updated reaction list; triangles 
represent the Kaye and Strobel 1984 reaction list, and 
squares represent the lab data of Ferris et al. 1984.) 

 
     

 
Figure 2: The eddy diffusion coefficients (K) as a function of 
altitude in three different photochemical models.  The tropo-
spheric values for K are currently poorly constrained.   
 

Photochemical Model Results:  We developed a 
photochemical model for Jupiter’s troposphere.  This 
steady-state model included 180 species and over 1300 
reactions.  Adopted from the Caltech/JPL KINETICS 
code (Allen et al. 1981), our model is one dimensional 
(1-D) in altitude, and transport occurs by eddy and 
molecular diffusion.  Eddy diffusion acts as a free pa-
rameter in 1-D models that is introduced to account for 
transport processes that act to keep the atmosphere 
well mixed.  For the major parent species that are pho-

tolyzed, such as methane (CH4), PH3 and NH3, the 
concentrations are fixed at the lower boundary from 
the observations.  The solar ultraviolet flux is set to 
low to average solar conditions.  We ran three different 
tropospheric models with three different eddy diffu-
sion coefficients (K).  The results for PH3, NH3, and 
HCN are plotted below. The species abundances are 
also sensitive to assumptions made about the aerosol 
scattering and absorption.   
 
 

 
 

Figure 3: Mole fraction of NH3 as a function of altitude for 
the Jupiter model output (lines) and recent observations (data 
points).  Three models are plotted with line styles corre-
sponding to the different K’s from Figure 2.  Note that the 
three models overlap each other, indicating that NH3 is in-
sensitive to K.  The triple dot-dash line represents the satura-
tion vapor pressure curve for NH3. 
 
 

 
 
Figure 4: Mole fraction of PH3 as a function of altitude from 
the Jupiter models (solid, dotted, and dashed lines represent 
results due to the different K profiles shown in Figure 2) and 
observations (data points).  Note the sensitivity of PH3 to K. 
 

Conclusions:  As seen in Figure 4, the PH3 con-
centration profile is very sensitive to K in the tropo-
sphere.   These observations are most sensitive to the 
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200-700 mbar region, and we used the observed values 
in this region to help constrain the K profile.  It is im-
portant to note that the PH3 mixing ratio on Jupiter 
most likely falls off faster with altitude than has been 
assumed in observational analyses; the shape of the 
profile may affect the abundance derivations.  We find 
that in the absence of aerosol opacity, tropospheric 
eddy coefficients of  ≥ 105 cm2 s-1 best reproduce the 
PH3 data.  However, with aerosol opacity included (not 
shown in figures), models with K about half this value 
best reproduce the PH3 observations.   
 

 
 
Figure 5: Mole fraction of hydrogen cyanide as a function of 
altitude of Jupiter model output.  Again, the solid, dotted and 
dashed lines represent different K profiles as shown in Figure 
2.  Note that the model predicts very little HCN in the tropo-
sphere of Jupiter.  The triple dot-dash line represents the 
saturation vapor pressure curve for HCN.  
 

Figure 3 shows that NH3 condenses and is insensi-
tive to the eddy diffusion coefficient profile.  Even 
with aersol opacity included, the models with different 
K profiles still overlap each other.      

The dominant products of the tropospheric chemis-
try of our model include diphosphine (P2H4), hydra-
zine (N2H4), red phosphorous (Pn), amino-phosphine 
(NH2PH2), and nitrogen gas (N2).  These species are 
produced by starting with the photolysis of PH3 and 
NH3.   All of these species condense except for nitro-
gen, which is more volatile.  N2H4 is an aerosol com-
ponent on both Jupiter and Saturn (Strobel 2004).  
P2H4 is likely to be an even more important aerosol 
component, something that is not generally realized.  
In addition, more needs to be known about NH2-PH2 to 
understand if it will also be a significant condensate.   

Due to a low predicted abundance of C2H2 in Jupi-
ter’s troposphere, the coupled photochemistry of NH3-
C2H2 does not easily occur.  Although C2H2 is abun-
dant in the stratosphere of Jupiter, our model and oth-
ers predict that the mixing ratio of C2H2 will drop off 
quickly with altitude. By the time it reaches the tropo-

sphere where NH3 is photolyzed, it will have such a 
low mixing ratio that HCN produced from coupled 
NH3-C2H2 chemistry is only a minor component.  Our 
model produces a small amount of HCN that is within 
the upper limits of the Davis et al. (1997) observa-
tions.  Other carbon-nitrogen compounds such as hy-
drazones and nitriles produced in lab experiments like 
those of  Ferris and Benson (1981), Ferris et al. (1984) 
and Keane et al. (1996)  are produced at even lower 
amounts in our model for the same reason.   

Although the reaction list for our model has been 
improved since the original Kaye and Strobel models 
(1983a, 1983b, 1984), more work needs to be done to 
fully model the troposphere of Jupiter not only in alti-
tude, but as a function of latitude as well.   
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THE EFFECT OF FLOURINE ON PHASE RELATIONS OF A MARTIAN BASALT: IMPLICATIONS 
FOR MANTLE VOLATILES.  Justin Wood1 and Justin Filiberto2, 1Rutgers University, Newark College of Arts 
and Sciences, New Jersey 07102; 2Lunar and Planetary Institute, USRA, 3600 Bay Area Blvd., Houston, TX 77058. 
 

Introduction: Compositional analysis of the SNC 
meteorites and minerals suggests that the Martian me-
teorites and mantle are relatively dry [1-4]. Driebus & 
Wanke [4] argue that nearly all of the water in early 
Mars escaped during planetary accretion via reaction 
with metallic iron which converted it to hydrogen gas 
dehydrating the Martian mantle. They suggest that the 
Martian mantle has 36 ppm water [4] compared to 200 
ppm in Earth’s MORB mantle [5]. However, based on 
comparisons between the bulk SNC meteorites and 
MORB basalts, they indicate that Mars’ bulk halogen 
content is 2-3 times that of the Earth’s [4]. Like water, 
halogens control crystal and melt thermal stabilities, 
melt density and viscosity, and the eruptive behavior 
of magma [6, 7].  For this reason, the halogens may 
replace water as the chief volatile that aids in basalt 
genesis on Mars. Therefore, we are investigating the 
effect of fluorine on phase equilibria of a Martian ba-
salt. 

Martian basalts show extensive evidence for high 
halogen concentrations. Chlorine and bromine are 
highly abundant on the Martian surface shown by GRS 
global measurements and analysis of surface rocks 
from MER rovers [8, 9]. Fluorine has not been ana-
lyzed on the surface because it cannot currently be 
detected. However, in terrestrial alumino-silicate rocks 
(i.e. basalt) chlorine is generally found with fluorine 
[10]; further, fluorine-rich basaltic rocks have been 
suggested to be on the Martian surface based on sur-
face features [11]. 

The Martian meteorites also show evidence for 
high halogen concentrations in magmatic and altera-
tion minerals. Magmatic inclusions within the SNC 
meteorites commonly contain magmatic amphibole 
which can readily accept F [12, 13]. The kaersutite, a 
Ti-rich amphibole, in the Chassigny meteorite contains 
0.5 wt % F [12], and in NWA 2737 contains ~3 wt % 
F [13]. Also, within the melt-inclusions of the Chas-
signy meteorite there is rare Ti-biotite which contains 
2.3 wt % F [12]. 

Apatite is also a ubiquitous late stage magmatic 
mineral in the SNC meteorites. It is a significant reser-
voir of halogens in the SNC meteorites, as well as 
other terrestrial basalts [14]. Therefore, apatite can be 
used to compare halogen budgets of different planets. 
Pation douce and Roden [14] compared the apatite 
within the SNC meteorites to the apatite from terres-
trial basalts, and from other meteorite samples. They 
suggest that Martian rocks are water poor compared 
with terrestrial basalts and also contain less halogens 
than terrestrial basalts. More recently however, 

McCubbin and Nekavsil [15] showed that within the 
Chassigny meteorite there are actually two groups of 
halogen-rich, water-poor, apatite. The melt inclusions 
in Chassigny contain fluorine-rich apatite, while the 
interstitial apatite is chlor-fluroaptite [15]. They sug-
gest that the F-rich apatite formed in a closed system 
process witin the melt inclusions; while the chlor-
fluorapatite is created via open system fluid migration 
through the cumulus pile [15] which suggests that 
fluorine is essential in Martian magmatic processes. 

While we have shown here that fluorine is impor-
tant during petrogenesis of Martian magmas, it has 
been known that fluorine is important in the petro-
genesis of evolved terrestrial rocks and previous ex-
perimental research has focused on these evolved sys-
tems [16-21]. Fluorine in magmatic systems depresses 
the liquidus by breaking bridging oxygen – similar to 
the effects of water on liquidus depression [6, 7, 22]. 
However, the exact solution mechanism for fluorine in 
basaltic system, what elements fluorine is complexing 
with (Al, Si, or others), and the effect of fluorine on 
polymerization are all still debated for terrestrial sys-
tems [6, 7, 22-26]. For Martian systems, less is known 
about the effect of fluorine. Thus, we are investigating 
the effect of fluorine on near liquidus phase relations 
of a Martian Gusev basalt. 

Experimental Technique: The current investiga-
tion on the effects of fluorine is based upon three prior 
studies of a synthetic Gusev basalt composition known 
as Humphrey: anhydrous [29], hydrous [28], and 0.7% 
Cl enriched [30]. The composition selected for this 
study was based on a rock named Humphrey analyzed 
by the Spirit Rover in Gusev Crater. Humphrey is an 
Adirondack-class basalt. Adirondack-class basalts are 
angular and fine-grained with irregular vesicles and 
vugs and found scatter across the surface of the Gusev 
Crater [27]. They have olivine megacrsyts and have 
been suggested to be liquid compositions [27-29]. 
Humphrey was specifically chosen for experimenta-
tion, because it was considered the least altered in its 
class [27]. Additionally, the Humphrey composition 
was used in previous F-free anhydrous [29], hydrous 
[28], and chlorine [30] phase experiments, thus allow-
ing comparisons between current and past studies.  

The same powder and experimental techniques 
from those studies are used in this experiment. How-
ever, fluorine is added to the starting composition via 
AgF2, which decomposes to Ag metal and F at super-
liquidus temperatures. Experiments were performed at 
Johnson Space Center High Pressure Laboratory using 
the piston-cylinder quick press apparatus at 6 kbar to 
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15 kbar nominal. Before each run, the synthetic pow-
der + F was loaded into a graphite capsule and then 
stored for at least 12 hours in an oven at 150 C in order 
to ensure minimum concentrations of H2O. The sample 
composition was loaded into the press as part of an 
assembly, which included BaCO3 sleeves and crush-
able MgO spacers (Fig. 1).  

 

   
Figure 1. Cut view of the experimental assembly used in this study. 
 

Pressures were corrected with a negative 0.3 pres-
sure correction [29]. Temperature was measured using 
a W5Re/W25Re thermocouple. Experiments were 
conducted using a piston-out procedure (i.e. pressur-
ized to 2 kbar above the experimental pressure and 
then brought down to the final pressure after heating). 
For thirty minutes, samples were melted above the 
liquidus temperature and then rapidly cooled to a final 
crystallization temperature where they remained for ~ 
1 hour. Experimental run products were analyzed us-
ing a Cameca SX-100 electron microprobe at NASA 
JSC for major element abundances of the residual liq-
uid and crystal phases.  

Results: Phase assemblages were determined from 
experiments ranging from to 6 to 15 kbar. Experimen-
tal run products included glass only, olivine + glass, 
pigeonite + glass, and olivine + pigeonite + glass.  

A phase relation diagram for the Humphrey com-
position plus Fluorine is shown in Figure 2. Olivine 
crystallizes on the liquidus for all experiments below 
10kbar; and pigeonite crystallizes for all pressures 
above. At ~10 kbar and 1270 °C there is a multiple 
saturation point with pigeonite + olivine crystallizing 
on the liquidus. 

 
Figure 2. Experimentally determined relations from this study 

(solid lines) compared to previously published anhydrous experi-

mental work (dashed lines; [29]) 

 
Olivines range from Fo67 to Fo58. Clinopyroxene 

crystallizing from the melt are pigeonite with as 
En67Wo7 Fs26 on the liquidus through En60Wo11Fs29  
(Fig. 4).  

Discussion: Based on the experimental data, fluo-
rine is important in basalt genesis on Mars. Like Cl 
and water, F has a significant and large effect on the 
liquidus. Figure 3 highlights the liquidus reduction of 
90 °C and a multiple saturation pressure decrease of 
2.5 kbar from adding 1% F to the anhydrous composi-
tion.  

 
Figure 3. Experimentally determined relations from this study (far 

left solid lines) compared to previously published anhydrous experi-

mental work (gray dashed line; [29]), hydrous published work (gray 

lines; [28]), and 0.7% Cl-rich published work (solid lines; [30]) 

 

In comparison 0.7% Cl causes a downward shift of 
50 °C and 4 kbar and 50 °C and < 2 for the hydrous 
experiments, thus suggesting that F has a comparable 
effect on liquidus and multiple saturation pressure de-
pression to water. This implicates that similar weight 
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proportions of water, Cl, and F have similar effects on 
liquidus temperatures of the Humphrey basalt. 

Figure 4 shows the pyroxene quadrilateral, compar-
ing the pyroxenes and olivines crystallized in the an-
hydrous, hydrous, Cl- and F-added runs along with the 
olivine composition from the natural rock [31, 32]. 
Pigeonite crystallized from the anhydrous, Cl- and F-
added experiments while orthopyroxene cyrstallized 
from the hydrous. The fluorine experiments are more 
enriched in Fe than anhydrous experiments, which is 
to be expected since liquidus temperature decreased 
substantially.  

 
Figure 4. Compositions of experimentally-produced pigeonite 

(Pig) and olivine (Ol) plotted as QUIlF [33] projections for all pres-

sures produced in this study (circles) compared with the anhydrous 

experiments (white; [29]) and hydrous experiments (blue; [28]), and 

the 0.7% Cl-rich experiments (gray squares; [30]). The olivine com-

positions predicted to be in the rock [31, 32] are shown by a black 

star with uncertainty in the measurement (± Fo10; Morris, personal 

communication) 

 
Conclusion: Since fluorine has similar effects on 

liquidus depression as water, the results of this study 
can be extrapolated to explain the phase relations in 
other studies that rely on water. This is consistent with 
Martian magmas being halogen rich and water poor, 
implying that fluorine is integral to petrogenesis of 
Martian igneous rocks. 
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APEX-ANTAPEX ASYMMETRY OF IMPACT CRATER DENSITY ON GANYMEDE’S
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of Geosciences (jordan-yozzo@utulsa.edu), 2Lunar and Planetary Institute
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Introduction: Synchronously rotating satellites
with a heliocentric impactor population should have a
difference in crater density between their apex and an-
tapex of motion, the leading and trailing sides, respec-
tively, with the crater density at the apex being ~70x
greater than at the antapex. An absence of such a dif-
ference could be caused by saturation cratering, peri-
ods of non-synchronous rotation, planetocentric debris,
or alternative sizes or sources of impactors [1]. Thus,
by examining the crater distributions on a satellite for
leading-trailing hemisphere crater density asymmetry,
something can possibly be learned about the satellite's
dynamical, thermal and geologic histories.

An apex-antapex crater asymmetry was found by
Zahnle et al. [1] on the bright terrain of Ganymede.
The difference, however, was much smaller than pre-
dicted with the density at the apex being only 4X
greater than at the antapex. From this they concluded
that either the distribution was saturated or, perhaps
more interestingly, Ganymede rotated non-
synchronously at some point in its history.

The goal of this project is to similarly analyze
Ganymede’s dark terrain, which is approximately twice
the age of the resurfaced, ~2Gyr old bright terrain [2].
As with bright terrain, a significantly diminished or
absent difference in cratering density on Ganymede’s
dark terrain may indicate some significant events tak-
ing place in the satellite’s history, and analysis of these
differences will likely allow for an explanation of these
events to be found.

Methods: Crater diameters and coordinates were
measured and recorded using the program QVIEW. In
the case for palimpsests, which are large, circular
bright patches on the surface likely the remains of vis-
cously relaxed craters [e.g., 3], the formula Dp = 2.442
Dc

0.906 [4] was used to calculate the unrelaxed original
crater diameter, Dc. Dp is our measurement of the
bright patch from edge to edge. Data was collected
from a global mosaic, created by Dr. Paul Schenk, of
regions of dark terrain that include Nicholson, Marius,
and Perrine Regios. Using the ISIS program, equal-
area projections of the data were created for the pur-
poses of both checking the data for double-counted or
missed craters using ArcGIS and for calculating the
area, in km2, of the counted region.

From the collected data, relative plots, termed R-
plots, were generated. R-plots ratio the data collected
to a standard distribution with a differential slope of -3
[5]. This facilitates comparing the patterns of different

impact crater distributions to look for subtle differ-
ences. The plots also include√N error bars. Only cra-
ters with diameters greater than or equal to 10 km were
plotted. Data collected for this project was grouped
with data collected for a similar project by Rivera-
Valentin et al. [6] for further comparison of different
regions of dark terrain.

In order to examine the variation in crater density
with increasing distance from the apex (0º,90º), the
data was grouped into 10º bins with centers every 5º
from the apex. The areas of each slice were calculated
in order to obtain the crater density. The crater density
per 106 km2 vs. the angular distance from the apex was
then plotted on a linear graph to show the variation
with√N error bars.

Results: In Figure 1, the crater density vs. apex
angle is shown for Perrine, Marius, Nicholson, and
Galileo Regio for craters with D>10 km, as well as for
bright terrain. The data for Galileo Regio was col-
lected by Rivera-Valentin et al. [6], labled as R-V07 on
the graph. The data for Ganymede’s bright terrain is
taken from Zahnle et al. [1] and applies to craters with
D>30 km. The dark terrain data seems to show a drop
by a factor of ~1.6X for Marius Regio, ~1.4X for
Nicholson Regio and ~1.42X for Galileo Regio with
increasing distance from the apex. Perrine Regio
seems to show an increase, rather than a decrease.

Figure 1 – Apex Plot for D>10, showing the general
decrease in cratering density with increasing distance
from apex. R-V07 data provided by Rivera-Valentin et
al. [6]. Bright terrain data is reproduced from Zahnle et
al. [1].
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In Figure 2, we show the data for craters with
D>30 km to determine if the pattern changes for larger
craters. Because there are fewer craters of this size, the
error is much larger and the data more scattered.
Within all this noise, it still appears that the crater den-
sities in Nicholson, Marius, and Galileo Regio decrease
by a factor of ~1.5X from the apex to antapex. Perrine
Regio, however, now shows a decrease as well of
~1.9X.

Figure 2 – Apex Plot for D>30 km, showing Perrine
Regio now decreasing along with the other regios. R-
V07 data provided by Rivera-Valentin et al. [6].

Figure 3 shows the R-plot, which includes each of
the major regions of dark terrain, along with the gen-
eral curve for Callisto [2]. Most of the terrains seem to
have a flat distribution for craters between 10 and 100
km in diameter. Galileo Regio seems to fall at a lower
density than the other regions; this is consistent with
Murchie et al. [7] and Casacchia and Strom [8]. The
data from this project seems to match well with the
data collected by Rivera-Valentin et al. [6], implying
that we are close to determining the actual distribution.
The data also correlates well, within error, to Callisto.
This implies one impactor population for Ganymede
and Callisto.

Figure 3 – R-Plot for Ganymede, showing the similarity
of the cratering patterns to each other and to Callisto.
R-V07 data provided by Rivera-Valentin et al. [6]. Cal-
listo curve is reproduced from Schenk et al. [2].

Discussion: Four probable explanations have
been presented for the lack of the predicted apex-
antapex crater asymmetry: saturation cratering, periods
of non-synchronous rotation, impact of planetocentric
debris, or alternative sizes or sources of impactors
other than ecliptic comets [1]. As Zahnle et al. [1]
discussed, impacts by planetocentric debris is an
unlikely cause because craters formed by this debris
are typically thought to be smaller and could not ex-
plain the excess of craters of all diameters. Further-
more, alternative size distributions or sources of impac-
tors other than ecliptic comets are also unlikely be-
cause their signature should be easy to uncover and our
data only seems to indicate the ecliptic comet signature
[2, 9]. Just as these explanations have been rejected
for the reduced asymmetry found on bright terrain, so
they will be similarly rejected as the source of even
more reduced asymmetry found on dark terrain here.

As on bright terrain [1], both saturation cratering
and non-synchronous rotation are feasible explanations
of the diminished apex-antapex asymmetry that the
data shows for dark terrain (Figs. 1, 2). Saturation
cratering would be more likely on dark terrain than
bright because dark terrain is much older. Therefore, a
smaller difference between apex-antapex cratering den-
sities would be expected on dark terrain. Our data
supports this by showing a ~1.5X difference, while
Zahnle et al.’s [1] data shows a ~4X difference for
bright terrain.

Non-synchronous rotation is also a plausible ex-
planation because it could have begun before and con-
tinued past the formation of bright terrain, with both
terrains experiencing a period of even bombardment.
Then, the dark terrain’s age and longer impact history
could better hide the effects of the later uneven bom-
bardment after Ganymede started rotating non-
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synchronously. Our data cannot actually differentiate
between saturation cratering and non-synchronous rota-
tion because they both have a similar effect on the data
as discussed. Non-synchronous rotation is supported
by the scattered distribution of crater chains (catena)
on Ganymede [1]. Further analysis that might help
determine which cause is more likely is using a sepa-
rate technique to determine if the dark and/or bright
terrains are saturated.

For Perrine Regio, our data shows an interesting
increase, rather than a decrease, in crater density with
increasing distance from the apex for craters with
D>10 km (Fig. 1). For D>30 km, however, the density
decreases with the other dark terrains (Fig. 2). This
could imply an extra distribution of craters 10-30 km in
diameter in Perrine Regio not found in the other Re-
gios. Explanations for this could include a possible
ancient field of secondary craters from a basin [10], a
plenetocentric impactor population that was erased on
other terrains more effectively than on Perrine Regio,
or a random variation. Each of these reasons is equally
possible given our knowledge of the data.

Conclusion: Our data exhibits a ~1.5X decrease
in crater density on dark terrain with increasing dis-
tance from the apex of motion (Figs. 1, 2). This indi-
cates that either Ganymede could have rotated non-
synchronously at some point in its history or that the
cratering is saturated. Due to the nature of these two
hypothesis, our data is unable to differentiate between
them, and they are each a likely source of the observed
level of asymmetry. Nonsychronous rotation is sup-
ported by the scattered distribution of crater chains
(catena) on Ganymede [1]. Further analysis that might
help determine which cause is more likely, is using a
separate technique to determine if the dark and/or
bright terrains are saturated.

Perrine Regio presented an anomalous increase in
crater density with increasing distance from the apex
for craters with D>10 km (Fig. 1). When the minimum
D was increased to 30 km, however, the density de-
creased similar to the other dark terrains (Fig. 2).
Therefore, we hypothesize that the distribution in Per-
rine was possibly affected by secondary craters from a
nearby basin, a pleniocentric impactor population that
has been more efficiently erased on other terrains, or a
random variation in the cratering density that have
given Perrine Regio an extra distribution of craters 10-
30 km in diameter. All options seem to be equally pos-
sible, and further analysis on Perrine Regio and the
possible nearby basin would be required in order to
narrow the possibilities.

The R-Plot (Fig. 3) shows that the patterns of the
crater distributions of the regions of dark terrain on
Ganymede are very similar within error, even for dif-
ferent crater counters. This implies that we are getting

close to determining the actual impact crater distribu-
tion for Ganymede’s dark terrain. The patterns are also
similar to the Callisto curve, implying that Ganymede
and Callisto were bombarded by the same impactor
population. This population appears to be most consis-
tent with the ecliptic comet population [2, 9].
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