Proposal Summary

This research program is aimed at evaluating the chemical composition of rocks and soils analyzed during the Mars Pathfinder mission, from the perspective of sedimentary geochemistry.  There is general agreement that both rocks and soils analyzed at the Pathfinder site (and soils at the Viking sites) are influenced by a variety of sedimentary processes (e.g., weathering and/or low temperature hydrothermal alteration, fluvial and aeolian transport) and indeed some of the rocks may be true sedimentary rocks.  The provenance of any sedimentary material on Mars is likely to be dominated by mafic to ultramafic igneous rocks.  Conversion of mafic rocks to sediment and the subsequent transport history will have a variety of geochemical consequences that can be quantitatively modeled using mixing relationships, mass balance and analogs from terrestrial sedimentary geochemistry.  Accordingly, the purposes of the proposed research include:  (1) evaluate the role of weathering (and/or other alteration) in controlling the chemical composition of soils and possibly rocks; (2) identify and quantify any hydrodynamic separation of detrital minerals during sediment transport; (3) evaluate any possible role of sedimentary processes in the formation of high silica rocks found at the Pathfinder site; (4) further evaluate the role of mixing in controlling the chemical composition of soils and rocks and thus constrain the compositions and nature of the various end members; (5) estimate the average chemical composition of the Martian upper crust in the vicinities of the Pathfinder and Viking sites, after unraveling the chemical effects of sedimentary processes.

BUDGET SUMMARY

(Year 1)

For period from  April 1, 1999
  to  
March 31, 2000


•  Provide a complete Budget Summary for year one and separate estimated for each subsequent year.

•  Enter the proposed estimated costs in Column A (Columns B & C for NASA use only).

•  Provide as attachments detailed computations of all estimates in each cost category with narratives as required to fully explain each proposed cost.  See Instructions For Budget Summary on following page for details.
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A
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1.
Direct Labor (salaries, wages, and


fringe benefits)

___16,270    _________      _________

2.
Other Direct Costs:


a.  Subcontracts

_________     _________      _________


b.  Consultants

_________     _________      _________


c.  Equipment

_________     _________      _________


d.  Supplies

____1,200     _________      _________


e.  Travel


___1,500     _________      _________


f.  Other


___1,000     _________      _________

3.
Facilities and Administrative Costs
___9,486     _________      _________

4.
Other Applicable Costs: 

_________     _________      _________

5.

Subtotal--Estimated Costs
__29,456     _________      _________

6.
Less Proposed Cost Sharing (if any)
_________     _________      _________

7.
Carryover Funds (if any)


a.  Anticipated amount : 


b.  Amount used to reduce budget
_________     _________      _________

8.
Total Estimated Costs

__29,456      _________     XXXXXXX

9.
APPROVED BUDGET

XXXXXX     XXXXXXX      _________

BUDGET SUMMARY

(Year 2)
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  to  
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•  Provide a complete Budget Summary for year one and separate estimated for each subsequent year.

•  Enter the proposed estimated costs in Column A (Columns B & C for NASA use only).

•  Provide as attachments detailed computations of all estimates in each cost category with narratives as required to fully explain each proposed cost.  See Instructions For Budget Summary on following page for details.
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1.
Direct Labor (salaries, wages, and


fringe benefits)

___16,955    _________      _________

2.
Other Direct Costs:


a.  Subcontracts

_________     _________      _________


b.  Consultants

_________     _________      _________


c.  Equipment

_________     _________      _________


d.  Supplies

____1,200     _________      _________


e.  Travel


___  1,500     _________      _________


f.  Other


___  1,000    _________      _________

3.
Facilities and Administrative Costs
___ 9,811     _________      _________

4.
Other Applicable Costs: 

_________     _________      _________

5.

Subtotal--Estimated Costs
__ 30,466     _________      _________

6.
Less Proposed Cost Sharing (if any)
_________     _________      _________

7.
Carryover Funds (if any)


a.  Anticipated amount : 


b.  Amount used to reduce budget
_________     _________      _________

8.
Total Estimated Costs

__ 30,466      _________     XXXXXXX

9.
APPROVED BUDGET

XXXXXX     XXXXXXX      _________

BUDGET SUMMARY

(2 Year Total)

For period from  April 1, 1999
  to  
March 31, 2001


•  Provide a complete Budget Summary for year one and separate estimated for each subsequent year.

•  Enter the proposed estimated costs in Column A (Columns B & C for NASA use only).

•  Provide as attachments detailed computations of all estimates in each cost category with narratives as required to fully explain each proposed cost.  See Instructions For Budget Summary on following page for details.
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1.
Direct Labor (salaries, wages, and


fringe benefits)

__ 33,225    _________      _________

2.
Other Direct Costs:


a.  Subcontracts

_________     _________      _________


b.  Consultants

_________     _________      _________


c.  Equipment

_________     _________      _________


d.  Supplies

___ 2,400     _________      _________


e.  Travel


__   3,000     _________      _________


f.  Other


___  2,000     _________      _________

3.
Facilities and Administrative Costs
__ 19,297     _________      _________

4.
Other Applicable Costs: 

_________     _________      _________

5.

Subtotal--Estimated Costs
__  59,922 _________      _________

6.
Less Proposed Cost Sharing (if any)
_________     _________      _________

7.
Carryover Funds (if any)


a.  Anticipated amount : 


b.  Amount used to reduce budget
_________     _________      _________

8.
Total Estimated Costs

__  59,922      _________     XXXXXXX

9.
APPROVED BUDGET

XXXXXX     XXXXXXX      _________

SUMMARY OF PERSONNEL COMMITMENTS AND COSTS

The personnel involved in this project include the PI and a graduate student.  The PI will commit one month of paid effort during the summer and will further commit 5% unpaid effort during the academic year.  The graduate student will be funded as a Graduate Research Assistant and will be expected to commit 50% of his/her research effort.

These efforts and costs are summarized in the table below.



YEAR 1


YEAR 2


Personnel
Effort
Salary
Effort
Salary

PI - S. M. McLennan
0.12
$7K
0.12
$7K

Graduate Research
0.50
$8K
0.50
$8K

Assistant (to be named)
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SEDIMENTARY GEOCHEMISTRY OF MARTIAN SAMPLES FROM THE PATHFINDER MISSION

Introduction

The return of chemical data from surface samples on Mars, as part of the Pathfinder mission (Rieder et al., 1997), represents one of the most important advances in our ability to evaluate the chemical character and evolution of that planet.  These data are more complete, cover a broader range of lithology, and are apparently of greater analytical quality than earlier results for soils from the Viking mission (Clark et al., 1982; Clark, 1993).  One interesting early observation is a broad similarity in the composition of soils from the two sites and accordingly, it will be worthwhile to revisit the Viking data in light of insights gained from these new results.

This proposal outlines a research program aimed at understanding how possible source rock compositions (i.e., provenance) and sedimentary processes may influence and/or control the chemical composition of surface samples on Mars.  Among the processes that will be considered are physical mixing (and unmixing) of provenance components, weathering and alteration, and mineral sorting during aeolian and fluvial transport.

The Pathfinder chemical data in many ways have proven perplexing (Rieder et al., 1997; Bell et al., 1998; Bishop et al., 1998; Britt et al., 1998; Dreibus et al., 1998; Economou et al., 1998; Ghosh et al., 1998; Hviid et al., 1998; McSween et al., 1998).  For the most part, interpretations are poorly constrained or are ambiguous.  Among the important observations relevant to this proposal are the following: 

1.
Mars currently has little atmosphere and no liquid water at the surface.  Nevertheless, there is abundant evidence that much sediment has been transported on the martian surface by large fluvial systems and aeolian processes, and that aeolian processes continue to be a major agent of sediment transport (Baker et al., 1992; Smith et al., 1997; Malin et al., 1998).  Accordingly, there is clear evidence of considerable sedimentary processes at work in the formation and/or deposition of all rocks and soils at the Pathfinder site (e.g., Rieder et al., 1997; Rover Team, 1997; Greeley et al., 1998; Lucchitta, 1998; Tanaka, 1998).  Included among the generally agreed processes are transport of rocks and soil components  by water, likely through fluvial/alluvial  processes, and additional transport of fine-grained soil components by aeolian processes. Photographic evidence suggests some of the rocks may in fact be sedimentary rocks.  For example, Scooby-Doo (Sample A-8) appears consolidated  but has a composition very similar to other soils and has been generally regarded as an indurated soil sample.  Rounded nodular features on the rocks Shark (A-17) and Half Dome (A-18) may represent pebbles within a conglomerate (Rover Team, 1997) and these samples may indeed be true sedimentary rocks.

2.
Compositions of soils from both Viking and Pathfinder sites generally overlap, suggesting broad uniformity in the composition of surficial material (Rieder et al., 1997; Clark et al., 1982).  In detail, however, there are significant differences, notably in that Viking soils may have slightly but uniformly lower Al2O3, MgO, TiO2 and higher SO3 contents.

3.
There is a distinctive difference in the chemical composition of rocks and soils analyzed at the Pathfinder site (Rieder et al., 1997), with soils being lower in SiO2, Al2O3, K2O, and higher in MgO, CaO, TiO2, FeOT and SO3.

4.
The compositions of soils and rocks appear to be related by simple two-component mixing of sulfur-rich and sulfur-poor end members.  This has been interpreted to suggest that the rock compositions are variably influenced by adhered dust and soil (Rieder et al., 1997; Dreibus et al., 1998).  Many of the soils also fall on this mixing trend and may indicate the presence of pebbles (i.e., rocks) within soils (Moore et al., 1998; also see discussion of mixing relationships among Viking soils by Clark, 1993).

5.
Rock samples are surprisingly enriched in silica with SiO2 in the range of 52.2% to 61.2% (Rieder et al., 1997).  If these rock compositions are influenced by adhered soils, it is likely that the silica contents of the rocks are even higher than measured, on the order of 62%.  High silica values (SiO2 > 57%) are reminiscent of andesitic compositions and the presence of differentiated igneous rocks such as andesites would be of great importance in interpreting the near surface igneous history of Mars (e.g., Dreibus et al., 1998; McSween et al., 1998).

6.
Although there are numerous spectroscopic data from the martian surface, there is little consensus on the specific near surface mineralogy (e.g. Burns, 1993; Bell, 1996; Christensen et al., 1998), apart from the presence of igneous minerals typical of basaltic rocks.  Pathfinder reconfirmed the magnetic character of martian dust and thus the presence of iron oxides or Fe-Ti oxides in the soils (Hviid et al., 1997, 1998).

An underlying assertion upon which this proposal is based is that a variety of sedimentary processes may fundamentally influence the composition of the rocks and soils that have been analyzed on Mars.  All workers recognize that the high sulfur and chlorine concentrations of martian rocks and soils indicate significant alteration, at least for the soils (Britt et al., 1998; Dreibus et al., 1998; Ghosh et al., 1998), but to date much of the attention in interpreting the chemical data has been focused on physical mixing models, constraining mineralogy, and igneous processes.  Although such information is critical for understanding the origin and importance of these samples, additional parallel studies examining the Pathfinder (and Viking) data specifically from the perspective of sedimentary geochemistry (e.g., McLennan et al., 1993) also appears appropriate. 

Accordingly, the major goals of this research program are as follows:

1.
Although there is a general mixing relationship between rocks and soils, simple two component mixing does not fully explain all of the variations in the martian data (see below).  As part of this project, a thorough evaluation of mixing relationships will be attempted with an eye to identifying possible end member compositions (Langmuir et al., 1978).  In sedimentary rocks, it is common that a few immobile elements can correspond to simple mixing relationships whereas more mobile elements may not (e.g., McLennan and Taylor, 1984; Taylor and McLennan, 1985).  Once mixing relationships are defined, any deviations will be evaluated in terms of possible secondary alteration or other sedimentary process.

2.
An important question is whether some of the martian rocks analyzed are of sedimentary origin.  Long experience with terrestrial rocks has shown that the most reliable means of distinguishing igneous from sedimentary parentage  (for example with tektites and metamorphic rocks where parent lithology is in question) is by identifying the presence of sedimentary processes in the mineralogical and chemical compositions (e.g. Taylor, 1973; Taylor and McLennan, 1979; McDaniel et al., 1997).  The provenance of any martian sediment is likely to be dominated by basaltic rocks (although note the caveat regarding andesites).  Basalts are highly susceptible to mineralogical and chemical change due to weathering and low temperature alteration (palagonitization).  Regardless of the precise compositions of possible source rocks, variations in sedimentary geochemistry commonly can be interpreted in terms of weathering and such an evaluation constitutes the second purpose of this study.

3.
Hydrodynamic separation of sediment grains is a near universal process associated with sediment transport in air or water (Allen, 1970).  Although the mineralogy of martian igneous rocks are not known with confidence, constraints can be placed on likely mineralogy from spectroscopic data, petrography of martian meteorites, and geochemical mass balance. It is a simple matter to model gain or loss of various minerals due to sedimentary processes.  Chemical data can then be compared with such models to evaluate the possible role of mineral fractionation due to hydrodynamic processes.

4.
It is well known that sedimentary processes lead to enriched silica contents in terrestrial clastic sedimentary rocks (e.g., chemical and physical weathering, mineral sorting, diagenesis).  As part of this proposal, we will evaluate if analogous processes can be the cause of high silica rocks on Mars. 

5.
On Earth, the abundances of a variety of trace elements in the upper continental crust have been estimated from average sedimentary compositions (Taylor and McLennan, 1985; McLennan and Xiao, 1998; Plank and Langmuir, 1998).  The generally similar compositions of the soils at the Pathfinder and Viking sites opens the possibility that sedimentary processes are also efficiently sampling the martian upper crust.  Although sedimentary processes also play an important role in sedimentary compositions, a final purpose of this project is to unravel the competing effects of provenance and sedimentary  process on martian soils and thus attempt to estimate the average surface composition of Mars in the vicinities of the Pathfinder and Viking sites.

Proposed Research:  Sedimentary Geochemistry on Mars

A variety of sedimentary processes (e.g., fluvial, aeolian, freeze/thaw) were active during the development of the martian surface (e.g., Mutch et al., 1976; Gooding et al., 1992; Rover Team, 1997; Smith et al., 1997).  Indeed, even glacial processes have been suggested as an important erosional agent (Anderson and Brandstrom, 1987; Lucchitta, 1987).

It is equally likely that the surface of Mars is dominated by basaltic volcanism (e.g., Carr, 1981; McSween, 1985; Taylor, 1992; Christensen et al., 1998).  Purely basaltic sediment  is rare on the Earth.  The major environments where such sediment may be preserved are associated with oceanic island arcs (McLennan et al., 1990; Gill et al., 1994), oceanic islands (e.g., Marsaglia, 1993; Garcia, 1996) and exposed oceanic crust (Larue and Sampayo, 1990).  Even in favorable locations, such as basaltic islands (e.g., Hawaii) it is common for sediment to incorporate non-basaltic components such as biogenic debris (Marsaglia, 1993; Garcia, 1996) or  far traveled aeolian components (Weber et al., 1996).

Accordingly,  analogies to martian basaltic sedimentation are available from study of terrestrial samples but the current data base is meager.  Nevertheless, sufficient general understanding of sediment formation is available so that a variety of sedimentary processes can be evaluated and are discussed in greater detail below.

Provenance and Mixing.
Using plots of various elements against sulfur content, Rieder et al. (1997) have shown that the martian chemistry can be explained by two component mixing of a sulfur-poor end member (most like rocks Shark, A-17 and Barnacle Bill, A-3) and a sulfur-rich end member  (most like soils A-4 and A-10).  Since Si and S are two constituents that have substantial variability in martian samples and are inversely correlated (Rieder et al., 1997), the ratio SiO2/SO3 is a sensitive measure of chemical variation in martian samples.  From a variety of plots of elemental concentrations and ratios versus SiO2/SO3, it is clear that at least 4 compositionally distinct components are required to explain mixing relationships among the martian samples.  In addition, different plots imply different mixing relationships and so it is not likely that a simple physical mixture of two components can explain many of the samples.

For example, on a plot of MgO versus SiO2/SO3 (Fig. 1) the soils (except for A-2) and the rocks (except for A-3) appear to form a simple two component mixing array with A-4 and A-17 forming reasonable end member compositions.  On this plot, rock samples Wedge (A-16) and Half Dome (A-18) appear to be comprised of about 35% of soil similar in composition to A-4, consistent with the mixing model of Reider et al (1997).  On this diagram there is some overlap between Viking  and Pathfinder samples in terms MgO (note that for all diagrams, Viking major element data have been recalculated to 97%, to make them consistent with Pathfinder data).  In addition, the distinctive composition of rock A-3 is apparent and represents a sample somewhere along a mixing line with an additional low SiO2/SO3 and low MgO rock end member.

Figure 2 plots Al2O3 versus SiO2/SO3 and shows that very different mixing relationships among the various samples are apparent.  On this plot, soils do not fall on the mixing trend defined by A-4 and A-17 but trend towards lower Al2O3 with A-2 again being the most anomalous soil sample.  Rock A-3 is also distinctive from the mixing curve on this diagram.  Finally, the other rock samples are far more scattered about the mixing line.   The distinctive low Al2O3 character of the Viking soils is also apparent.

The major conclusion here is that although  there is very likely mixing of rock and soil, the nature of that mixing is not simple and requires further attention.  What significance can be placed on the distinctive compositions of rocks A-3 and A-17?  What is the cause of the distinctive composition of soil A-2 (taken closest to the spacecraft shortly after deployment, and having the lowest “total” prior to normalizing major elements to 98%)?  What is the cause of scatter on some of the mixing diagrams?  How do end member compositions compare to martian meteorites and typical basaltic minerals?

Weathering.  The geochemistry of terrestrial weathering of basaltic rocks has received considerable attention (e.g., Colman, 1982; Price et al., 1991; Nesbitt and Wilson, 1992; Johnsson et al., 1993; Daux et al., 1994; Venturelli et al., 1997).  In a review of basaltic weathering, Nesbitt and Wilson (1992) concluded that major silicate phases and glass in basalt are weathered at very roughly similar rates but in detail, susceptibility to weathering commonly follows the pattern olivine > glass ≥ plagioclase ≥ clinopyroxene >> Fe-Ti-oxide.  Clay mineralogy in basaltic weathering profiles is highly diverse but may be governed more by local conditions of chemical versus physical erosion rates rather than weathering reaction mechanisms (Nesbitt and Wilson, 1992).

Geochemical variations associated with weathering of basaltic rocks are best viewed in the systems, using molecular proportions, Al2O3 - (CaO+Na2O+K2O) - (FeOT+MgO) and Al2O3 - (CaO+Na2O+K2O+MgO) - FeOT (Nesbitt and Young, 1992; Nesbitt and Wilson, 1992).  These systems are especially sensitive for examining geochemical and mineralogical relationships among the common basalt silicate and oxide mineralogy and glass and their common alteration products (i.e., clay minerals).  Complexities arise in evaluating bulk rock analyses when carbonate, sulfide (or sulfate) and phosphate minerals are present (phases all known or suggested in martian rocks and soils) and such minerals must be accounted for or modeled to evaluate their possible importance.

In Fig. 3 Pathfinder soils and rocks and martian meteorites are plotted on A-CNK-FM and A-CNKM-F ternary diagrams.  In neither case do compositions cross the tie line between feldspar and the FeOT+MgO or FeOT apexes and accordingly there is no unambiguous evidence that any of the martian samples have had their bulk chemistry significantly affected by any type of weathering that is analogous to terrestrial conditions.  On the other hand, the soils and rocks are offset from the meteorites towards compositions consistent with more alteration.

If these relationships are indeed related to processes similar to terrestrial weathering (and it is premature to make such an assertion), three surprising implications would be that there is fractionation between Al and Fe during weathering (or some other process -- see section below on Mineral Sorting), chemical effects among the major cations are relatively minor (or the various weathering products are well mixed among these samples), and the rocks are more severely affected than the soils.

In order to fully exploit such diagrams it is necessary to more carefully characterize possible parent mineral compositions and alteration products and thus constrain likely weathering trends and distinguish physical mixing from alteration.

The apparent lack of alteration suggested by this diagram is not at odds with enriched SO3 and Cl in the soils (indicating significant alteration).  In terrestrial environments chemical fractionation takes place within weathering profiles and shales are dominated by alteration products (clays).  However during mass wasting to form sediment, much of the chemical fractionation within weathering profiles is efficiently remixed and although clastic sediments contain abundant secondary minerals, the bulk composition of average terrestrial sediment differs only slightly from the average upper continental crust for many cations (McLennan, 1982; Taylor and McLennan, 1985).

Mineral Sorting. During sedimentary transport in water or air, there is typically a hydrodynamic separation of mineral fragments according to some combination of grain size, density and shape (affecting cohesion) (e.g. Allen, 1970).  In continental-derived sediments on the Earth an important effect is the common fractionation of heavy minerals leading, for example, to enrichments in Zr, Hf, Nb, Th, and Sn in sands and sandstones (McLennan et al., 1993). In addition, chemical alteration processes are largely magnified during grain size reduction and sorting where clay minerals are preferentially incorporated into the finest grain fractions (see Nesbitt and Young, 1996; Nesbitt et al., 1996 for examples) and the relatively resistant mineral quartz is enriched in the coarser fractions.

In basaltic systems, it is clear that physical processes will affect the sediment differently, since very different mineral assemblages are involved.  Although no systematic studies are available, the specific gravity differences among the common phenocryst phases are considerable (e.g., plagioclase, 2.6-2.8; olivine, 3.3; pyroxene, 3.2-4.0; ilmenite, 4.7) and physical separation of these phases during sedimentary transport is likely.  For example, McLennan (1989) and McLennan et al. (1990) illustrated how REE patterns (notably Eu-anomalies) could be used to evaluate plagioclase separation during sedimentary transport in volcaniclastic sediments derived from volcanic arcs.  Stamatelopoulou-Seymour and Francis (1980) recognized substantial chemical variation among various Bouma units in an Archean ultramafic turbidite due to separation of mineral components, from an initially uniform source, during transportation.

Even minor mineral sorting could have significant effects on the chemistry of martian sedimentary materials.  In many cases, it is the trace elements that are best suited to evaluate heavy mineral separations but for basaltic provenance some insight may be obtained from major elements.

For example, ilmenite and titanomagnetite are common accessory minerals in martian meteorites, reaching up to 3% (McSween, 1985).  During sedimentation, such minerals are resistant to grain size reduction and may concentrate in certain grain size fractions during fluvial transport.  Further enrichments and depletions could occur during subsequent aeolian transport where these minerals would tend to be enriched in lag deposits.  Figure 4 plots TiO2 versus SiO2/SO3.  On this diagram, the soils do not conform to mixing between A-4 and A-17 and have anomalous TiO2. (at this stage, it is not clear whether A-4 is enriched in Ti, or if the other samples are depleted in Ti).  Superimposed on the mixing line is a second line showing the effects of removing less than 1.5% ilmenite from sample A-4 (titanomagnetite would have the same trajectory but would require greater amounts for the same effect).

A wide variety of observations suggests that an important fine grained component of martian soils is a magnetic iron rich mineral, most likely iron-oxide (e.g. maghemite) or perhaps titanomagnetite (Hviid et al., 1997, 1998; Bell et al., 1998).  In Fig. 5 FeOT is plotted against SiO2/SO3.  As with Fig. 4, many of the soils do not conform to simple mixing between A-4 and A-17 only in this case have enriched FeO.  Superimposed is a second mixing line showing the effects of adding up to 6% iron oxide (titanomagnetite would have the same influence but note that addition of titanomagnetite would work against the trend shown in Fig. 4).

In both these cases it is premature to suggest loss of ilmenite or gain of iron oxide as the causes of these variations.  However, the point can be made that reasonable amounts of sedimentary fractionation of expected martian sedimentary minerals can reasonably account for some of the chemical variation and need further more systematic and quantitative investigation using the general approaches illustrated above.

Silica Enrichment and Sedimentary Processes.  The high silica martian samples have drawn much attention (Rieder et al., 1997; McSween et al., 1998).  Although an igneous parentage of this enrichment is a clear possibility, it is notable that the highest silica martian rock sample (Shark, A-17) is also one of the rocks that has been suggested as a sedimentary rock.  An obvious question worth addressing is whether or not a sedimentary origin of enriched silica is a possibility.  During terrestrial sedimentary processes there are a variety of processes that fractionate silica in clastic sediments, at least some of which can be evaluated from chemical data.  Among these are:

1.
In early stages of weathering, silica may become enriched in weathering profiles due to loss of the most labile minerals (e.g. olivine, pyroxene) and residual concentration of silica-rich minerals (feldspar, quartz).  During more extreme weathering, silica can be leached into solution resulting in lower overall silica concentrations.

2.
During sedimentary transport, silica may fractionate due to mineral separation.  In typical terrestrial environments, quartz separation is the most common process but this is unlikely to be a major factor on Mars, at least for first-cycle sediments, where basaltic provenance likely prevails.   On the other hand, separation of mafic minerals olivine and pyroxene from feldspar, or clay minerals from igneous minerals are not unreasonable possibilities of silica fractionation that can be readily modeled.

3.
During sediment burial, expulsion of silica rich fluids is a common phenomenon (e.g. common quartz veins in shales) and during lithification silica cement, derived from groundwater, is a common feature of terrestrial sandstones and conglomerates that can cause silica enrichment.

Provenance and Upper Crustal Abundances on Mars.  On Earth, it is well established that clastic sedimentary rocks provide a means of estimating the average composition of large regions of the exposed upper continental crust (e.g., Taylor and McLennan, 1985; McLennan and Xiao, 1998).  In applying these approaches, considerable caution is required because the distributions of many elements in clastic sediment are influenced by sedimentary processes,  including erosion, weathering and mineral sorting during sediment transport (Taylor and McLennan, 1985).  The presence of soils, dust and possibly sedimentary rocks on Mars raises the possibility that the bulk surface composition may be estimated from sedimentary data (Taylor, 1992).  To do this effectively, some understanding of likely geochemical fractionation of basaltic sources during sedimentation is required, as described above.

Data Sources

The research program will involve a compilation of a variety of geochemical data that are relevant to interpreting the Pathfinder geochemical results:

1.
Martian surface analyses. X-ray mode Alpha Proton X-ray Spectrometer (APXS) data collected during the Pathfinder mission have been published (Rieder et al., 1997) providing the basic chemical analyses required to initiate this research.  Over the course of this study, it is likely that further APXS data (alpha and proton modes) and further data reduction will result in additional elements of interest (P, Mn, Cr) and better analytical quality for other elements (Na).  X-ray fluorescence data from the Viking landing have long been published (Clark et al., 1982).

2.
Martian meteorite data.  SNC meteorites, generally thought to originate from Mars, represent the only available physical sampling of its surface. As part of this study, we will use geochemical data for martian meteorites (concentrating on the basaltic shergottites) and their contained minerals.  Most data, or data sources, are compiled in Meyer (1997) with a number of recent additions (e.g. Mikouchi et al., 1998).  Although it is by no means clear if SNC meteorites are representative of the igneous rocks of the martian surface, mineral data from these meteorites will provide the least ambiguous compositions from which to evaluate sedimentary provenance models.

3.
Mineralogy of the martian surface.  Spectroscopic, magnetic, photographic and geochemical data from Viking, Pathfinder, SNC meteorites, and remote sensing have all been used to constrain possible mineralogy of martian soils and rocks.  Although there is broad consensus that a mineralogy typical of basaltic rocks likely dominates unaltered surface rocks, there is far less agreement about the mineralogy of altered rocks, soils and dust (e.g., Banin et al., 1992; Soderblom, 1992; Burns, 1993; Bishop et al., 1993; Bell, 1996; Bishop et al., 1996; Morris et al., 1996).  Among the likely candidates are ferric oxides (e.g., maghemite, hematite), clay minerals (e.g., Fe-bearing montmorillonite and smectite, kaolinite), various ferric carbonates and sulfates, and palagonite.  Nevertheless, major element compositions of possible alteration minerals can be estimated from stoichiometry.

Work Plan

The effort described in the proposal will be conducted primarily by the PI with assistance from a graduate research assistant working half-time.  The first year will involve compiling all relevant data, including rock and mineral analyses of SNC meteorites, suggested martian surface minerals from spectroscopic analyses, and common alteration products during terrestrial weathering of basalt.  With these data, we will begin to evaluate the effects of various mixing models among Pathfinder surface samples, reasonable basaltic compositions and reasonable detrital and secondary minerals.

Year 2.  Modeling data will continue into the second year.  Further chemical data for the Pathfinder samples are expected as standardization is improved and additional raw data (e.g., alpha mode and proton mode APXS) are reduced.  These results will be incorporated into the modeling as they become available. 

Facilities and Equipment
The only facilities required to carry out this research are a good library and basic computer  equipment with supporting software.  The PI has access to a major university research library at Stony Brook and is in possession of up to date Macintosh and PC computers with supporting software to carry out the work. 
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