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Workshop on 
Visible-Infrared Spectroscopy of Mars: 

Laboratory And Field Community Data Sets 
 
 

SUMMARY 
Interpretations of visible-infrared spectral data sets of Mars provide a critical foundation for 
geologic and climatic interpretations, and to select landing sites.  However, we face a more rapid 
influx in data volume and variety than our community has previously handled.  Relevant 
instruments include the 1996 TES, 2001 THEMIS, 2003 Pancam, 2003 Mini-TES, 2003 Mars 
Express OMEGA, 2003 Mars Express PFS, 2005 CRISM, and possible 2007 and 2009 
spectrometers.  An effective response to this influx will require both well-rounded experience in 
field spectroscopy and strong public spectral libraries that are easily accessible.  Development of 
these two areas will require some community coordination.  On December 9th, 2002, an open 
meeting was held for the Mars visible-infrared spectral community to address this need. 
 
 
Two primary concerns identified are: 
 
(1) Laboratory studies alone cannot replicate or uncover all the spectral and instrumentation 

complexities that are present outside the laboratory.  Researchers need to acquire experience 
in field spectroscopy to aid in the understanding of the complexities of interpreting real world 
data.  Community coordination can aid this effort, both because of the complexity of the 
issues and because many researchers lack their own field spectroscopy equipment.  The first 
need is a field data collection program that focuses on specific topics, rather than an extensive 
Mars-analog site study.  Users should be involved in the collection, and the data well-
documented and made publicly available.  Modest funding under existing programs is 
appropriate to analyze the data at this stage. 

 
(2) Spectral data of Mars are interpreted using a foundation of  laboratory spectra, theoretical and 

experimental studies, and modeling.  Laboratory spectra of known materials also help define 
needs for flight instrumentation.  Although research collections of valuable laboratory spectra 
have been acquired by numerous individual investigators, a publicly accessible centralized 
database of all such spectroscopic data does not yet exist. Creating and maintaining such a 
database is a larger task than any one research group can accomplish.  This makes a 
centralized means for public access to spectral data a critical community concern for Mars 
data analysis.  A primary roadblock has been the complexity of transferring and accessing 
laboratory data within the NASA Planetary Data System.  The PDS should implement a user-
friendly interface to transfer private spectral data bases into the public domain and provide a 
means for easy access to spectroscopic data by the community for data analysis. 

 
 
The meeting was held in San Francisco, during the fall American Geophysical Union meeting.  
The consensus recommendations follow. 
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Group 1.  Field Research 
Chairs:  Tom Farr, John Adams 

 
Why go to the field? 
Laboratory studies cannot replicate or uncover all the spectral and instrumentation complexities 
that are present outside the laboratory.  Recent research (e.g., AGU conference presentations) 
demonstrates the need for fundamental field spectroscopy research and experience. 
 
Field experience will train interpreters and operators for Mars data and instruments.  It tests ideas 
and aids in tying orbital/aircraft views to surface/rover/lander views.  It builds the necessary field 
spectroscopy experience in issues such as detection limits, uncertainties, measurement protocols, 
calibration, interpretation techniques, and theory.  This was also recognized at a community 
workshop in June, 2002 [1]. 
 
First milestone studies needed. 
The first, primary need is to gain experience in the field, rather than in-depth analysis of a 
specific Mars-analog field site.  This significant step is analogous to the critical experience 
gained through early rover field testing.  More complex, mission-realistic testing followed later. 
 
The first efforts/studies should focus on gaining experience outside the laboratory and addressing 
specific field spectroscopy problems.  The initial stages should avoid generating unnecessary 
complexity. Relatively simple data collection and modest funding from existing programs are 
most appropriate at this time.  This will provide critical data and experience that would not 
otherwise exist.  If the data sets are public, this will include researchers who do not own field 
instruments, but who will interpret Mars data.  It is critical for the data to be well-documented, 
including the reasons each measurement was made, and for users to be involved in the data 
collection.  This will generate field experience to aid rigorous interpretation of flight data. 
 
Participants did not discuss in-depth the funding model and did not attempt to reach consensus 
on this issue.  Possible models range from funded or unfunded facility field measurements that 
are open to on-site participation by interested researchers (e.g., as for GRSFE [2]), and PI-led 
field measurements that are selected through peer-review and closed to community participation. 
 
Data documentation. 
GRSFE [2] is a good spring-board model for the documentation on instruments, measurements, 
and the reason each measurement was made. 
 
Related work. 
It will aid future field planning to generate an atlas of relevant terrestrial analog testing sites, data 
sets that already exist of those sites, and available instrumentation.  Researchers may also benefit 
from open field workshops that use existing spectral data and imagery, but without additional on-
site data collection. 
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Group 2. Transfer of Data Into the Public Domain 
Chair: Mark Sykes 

 
Why do we need to have access to spectra?  
Public access to data sets of spectra of known materials or surfaces provide a solid foundation for 
interpretation of remotely acquired data. They are also critical to define requirements for 
instruments to make in situ spectroscopic observations from orbit or rovers. The importance of 
this access has been noted in two previous community workshop reports [1, 3]. 
 
What will motivate the transfer of private spectral databases into the public domain? 
The two previous community workshop reports [1, 3] also noted that there is a gap in motivating 
and facilitating the transfer of data into the public domain. Three basic means of encouraging 
such transfer are identified: (1) making it a condition of funding in grant AOs  (as was done 
briefly for the NASA Planetary Astronomy Program in 1996), (2) ensuring that credit for data set 
authors is provided and maintained, and (3) provide funding specifically for importing 
needed/timely datasets into the public domain. Facilitation requires a means of transferring that 
is not overly burdensome on the submitting or receiving ends. 
 
What is the role of the NASA Planetary Data System? 
The PDS is identified as a principal ultimate repository for public domain datasets that promises 
long term accessibility of those datasets. The PDS is at present undergoing internal modifications 
to improve community search and access of its holdings.  
 
The PDS should provide a census of private spectral datasets and links to those that have online 
accessibility. This is in progress at the PDS Geosciences Discipline Node.  Such a census will 
allow accessibility of the data while resources are grown to prepare the data for submission to 
PDS. The PDS will focus near-term on laboratory and telescopic data. In the near-term, field and 
airborne data will be treated as special cases.  
 
At the location where links are made to existing laboratory databases, links to atmosphere and 
small bodies databases should also be provided as appropriate (in coordination with the 
Atmospheres and Small Bodies Discipline Nodes). 
 
What are the bottlenecks to archiving and distribution?  
People who want to archive their data with the PDS encounter complex and voluminous 
standards requirements that act as a disincentive. This is being addressed in two ways: a 
streamlined set of guidelines is being developed by Geosciences Node, and the NASA Applied 
Information Research Program is funding the development of a user-friendly web-based 
interface (OLAF) which was explained at this community meeting.  
 
Lack of funding to prepare existing datasets for submission to PDS continues to be a bottleneck, 
though it is hoped that better submission guidelines and user interfaces may reduce this expense.  
 
The absence of a referencing capability for (at least) new datasets continues to act as a 
disincentive for potential submitters. 
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A significant bottleneck in the distribution of  spectroscopic data has been the absence of a 
central clearing house. This is being addressed by the PDS (see above) in a stopgap fashion by 
creating a census of distributed data collections with links. This, however, does not provide for a 
common interface, nor does it allow for cross-collection searches and correlations. This is a 
longer-term issue that requires a centralized location that the PDS can provide. Then a standard 
interface can be created for PDS spectral holdings.  
 
What ancillary data are needed with the archive (e.g., composition, viewing geometry, 
instrument details,…)?   
Details of draft guidelines may be found in the “Guidelines for Spectral Library Generation, 
Documentation, Dissemination, and Archiving” [4] 
 
Ancillary data required for submissions through OLAF are determined on a data type by data 
type basis through interaction with the submitting community. Requirements for submission of 
laboratory spectra will also be informed by the above document. 
 
Field/airborne spectroscopic data are considerably more challenging to completely and 
rigorously characterize than other spectroscopic data, making comparisons with laboratory or 
spacecraft measurements difficult. Any existing such datasets need to be carefully assessed on a 
case by case basis, focusing on data and documentation from specific experiments designed to 
improve knowledge about materials and/or settings of planetary relevance, together with data 
acquired to test models before applying the approaches to planetary data. Efforts must be made 
through peer review to ensure such data is characterized sufficiently to be useful prior to making 
it publicly available. 
 
What are the principle existing data archiving priorities? 

• 
• 
• 

• 

Provide improved/easier means for submitting data to PDS and accessing it for use. 
Establish a census of existing available laboratory data and links when available online.  
Establish a mechanism to regularly review and recommend what spectroscopy data bases 
should be prepared for inclusion in PDS in order to prioritize application of resources 
needed to accomplish the task. 
Efforts must be made to ensure usefulness of field/airborne spectroscopy before acquiring 
or making them available in a public archive: 

o Existing data sets. These should be assessed as mentioned in the prior section and 
subject to peer review.  

o New data sets. Acquisition, documentation, and archiving should be planned in 
advance, keeping in mind standards that will be applied in the PDS peer review 
process. Prior communication with PDS would be useful.  

 
What are the most time-critical concerns in the transfer of data? 
It is important to note that there are time-critical gaps in publicly available data that will not be 
filled by archiving existing data sets.  Filling these gaps will require additional measurements.  
These gaps were detailed in the June 2002 community workshop report [1]. 
 
Regarding data transfer to a public archive (e.g., PDS), there is an issue regarding the ability of 
the owner to maintain their data over some indefinite period of time or to recover ancillary 
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information necessary to its interpretation as time goes on.  
 
As demands for access to laboratory and other spectral data increases with increasing spacecraft 
based and in-situ based studies at Mars, the need for centralized access is also increasing. 
Resources should be made available to facilitate both the transfer to such a centralized facility 
and the access of that data by investigators. 
 
Should there be community standards? If so, who should set and maintain them? 
In general, reasonable guidelines for archived data should be developed by the PDS with 
community input (e.g., at workshops, advisory groups). PDS should be responsible for technical 
requirements regarding formatting and other requirements that allows for seamless access of the 
data within its archives. Scientific standards should be set by the community. This is achieved at 
workshops and through advisory groups. They are also maintained by the external peer review 
process at the core of the PDS submission procedure.  
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WORKSHOP REPORT 
 

MARS INFRARED SPECTROSCOPY: 
From Theory and the Laboratory to Field Observations 

 
The continuity and timely implementation of the Mars exploration strategy relies heavily on the 
ability of the planetary community to interpret infrared spectral data. However, the increasing 
mission rate, data volume, and data variety, combined with the small number of spectroscopists 
within the planetary community, will require a coordinated community effort for effective and 
timely interpretation of the newly acquired and planned data sets. Relevant spectroscopic 
instruments include the 1996 TES, 2001 THEMIS, 2003 Pancam, 2003 Mini-TES, 2003 Mars 
Express OMEGA, 2003 Mars Express PFS, and 2005 CRISM. 
 
 
In light of that, leaders of the Mars spectral community met June 4–6 to address the question: 

What terrestrial theoretical, laboratory, and field studies are most needed to best support 
timely interpretations of current and planned visible/infrared spectrometer data sets, in 
light of the Mars Program goals?  

 
 
 
 
A primary goal of the spectral community is to provide a reservoir of information to enhance and 
expand the exploration of Mars. Spectroscopy has a long history of providing the fundamental 
compositional discoveries in the solar system, from atmospheric constituents to surface 
mineralogy, from earth-based to spacecraft-based observations. However, such spectroscopic 
compositional discoveries, especially surface mineralogies, have usually come after long periods 
of detailed integration of remote observations, laboratory analyses, and field measurements. 
Spectroscopic information of surfaces is particularly complex and often is confounded by 
interference of broad, overlapping absorption features as well as confusing issues of mixtures, 
coatings, and grain size effects. Thus some spectroscopic compositional discoveries have come 
only after many years of research. 
 
However, we are entering an era of Mars exploration with missions carrying sophisticated 
spectrometers launching about every 2 years. It is critical that each mission provide answers to 
relevant questions to optimize the success of the next mission. That will not occur effectively 
unless the spectroscopic remote sensing data can be processed and understood on an approximate 
2-year rate. Our current knowledge of spectral properties of materials and confounding effects of 
the natural environment are note well enough understood for the accurate interpretations needed 
for such ambitious and time critical exploration objectives. This workshop focused on 
identifying critical gaps in moving the field towards the goal of rapid and accurate analysis and 
interpretation. 
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SUMMARY 
This report focuses on identification of critical gaps, particularly those that cannot be filled by 
individual researchers alone, and does not discuss the relative importance of ongoing research. 
The two most critical gaps are in coordinated end-to-end field testing and in libraries of 
spectroscopic data. Three related gaps are in data from terrestrial sites to aid TES and CRISM 
interpretations, lack of high quality development data to support landers, and delays in funding 
owing to lack of coordination between R&A proposal dues dates and mission data releases. 
 
 
 

CRITICAL GAPS 
1. End-to-end testing. Field/rover, airborne/satellite, and telescopic measurements are sensitive to 
very different effects, and these differ from those present in the laboratory. Thus a convincing 
determination of uncertainties as related to studies of Mars requires demonstration through 
coordinated "end-to-end" field testing. This should proceed in light of our current best 
understanding of martian mineralogy and environment, using: 
 

(1) Data sets of appropriate terrestrial analog sites that are measured with both geometric 
and spectral fidelity as close as possible to landed and orbital flight instruments; 

(2) Interpretation using spectral libraries and theoretical work as applied to data of Mars;  
(3) Reporting interpretations at a community workshop, including a "blind test" (with 

minimal foreknowledge of the test site or ground truth); 
(4) Validation through ground truth. 

 
This will: 
(1) Test mission protocols and interpretation methods used for flight data; 
(2) Develop theoretical ties and address critical current uncertainties in detectability, 

uniqueness of identifications, abundance mapping, and atmospheric compensations; 
(3) Prepare the community to interpret flight data in a timely manner; 
(4) Help define and highlight gaps in public spectral libraries, and the importance of the 

libraries and theoretical work to the interpretation chain. 
 
Coordination through an independent steering group is critical in order to maintain and facilitate 
a clear focus on addressing the central questions. This is imperative to support timely 
interpretations and to plan and manage future flight instruments, but it cannot be achieved by 
individual researchers alone. Further, in order to achieve results in time to support the current 
suite of missions, this program needs to begin as soon as possible with adequate and focused 
funding. 
 
 
2. Public libraries of spectroscopic data. Interpretation quality is limited to the quality of the 
accessible spectral libraries. Current public libraries focus on specific issues or conditions (such 
as major groups of igneous minerals and terrestrial weathering products, and large particles). 
Primary gaps include (1) systematic measurements of other weathering products, coatings, a 
range of surface textures, full particle size ranges; (2) measurements made under simulated 
Martian conditions; (3) motivating and facilitating a conversion of private libraries into the 
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public domain; and (4) systematic development of fundamental optical constants for modeling. 
Currently there is insufficient funding and staffing to measure, document and prepare for public 
release documented digital spectral libraries. It is unclear which R&A program is responsible for 
developing strong public libraries, and this should be clarified in the appropriate Announcement 
of Opportunity. Additions and public access should be fostered in cooperation with NASA's 
Planetary Data System.  
 
 
 

ADDITIONAL GAPS 
3. High fidelity data. There are gaps in terrestrial hyperspectral airborne/satellite data sets for 
CRISM and OMEGA (mainly 2.5–5 µm), and essentially no thermal-IR hyperspectral airborne 
or satellite data sets comparable to TES exist in the NASA community. Data should be identified 
and made publicly available to allow validation of methods, interpretations, and uncertainties.  

 
4. Lander development data. The NASA community has essentially no field data sets available 
measured with high fidelity to the lander Mini-TES or Pancam or similar to future landers. Data 
should be identified and made available to allow development and validation of methods, and to 
expedite community contributions after the flight data sets are released. 

 
5. Mismatch of flight data release and R&A cycle timing delays community research. When the 
first public release of flight data occurs after the relevant Research and Analysis (R&A) program 
deadlines, it can delay funding non-team member research ~2 years from initial data return. For 
example, this delay will occur for Odyssey research. This is a significant weakness given the 
rapid turnover rate of current missions. R&A management should coordinate with flight teams 
and the PDS to officially release demonstration flight data timed to prevent this additional delay. 

 
 
 
 

Participants of the workshop, 
Mars Infrared Spectroscopy: From Theory and the Laboratory to Field Observations 

 
Raymond Arvidson Donald Barker Janice Bishop Diana Blaney 
Don Burt John Cipar Roger Clark Kim Deal 
Sergio Fonti Bruce Hapke Laurel Kirkland John McAfee 
Daniel McCleese Richard Morris Scott Murchie John Mustard 
Carlé Pieters Michael Ramsey Steve Saunders Bernard Schmitt 
Frank Seelos R. Glenn Sellar Maria Sgavetti Ann Sprague 
Shawn Wright    
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Spectroscopic Data for Mars 
 

The missions associated with the Mars Exploration Program (MEP) as well as missions from 
other countries and international agencies, will acquire abundant spectroscopic observations to 
determine surface composition.  Below is a short summary of the existing and expected data sets: 

 
1)  Defined Spectroscopic Instruments  

Continued analysis and interpretation of TES/MGS data and THEMIS/Odyssey  
New data from Pancam and Mini-TES on the MER rovers (2004) 
New data from PFS and OMEGA on Mars Express (2004–2007) 
New data from CRISM on MRO (2006–2009) 

2) Planning for 2007–2020  
Possible instruments proposed for Scout mission (2007)  
Planned NASA contribution to CNES orbiter (2007) 
Instruments on the Mars Smart Lander (MSL) (2009)  
Beyond MSL are possible additional Scout missions, landers, and Sample Return  

3) How will IR Spectroscopy contribute in the next decade  
Data analysis and interpretation of orbital assets  
Data analysis and interpretation of landed assets  
Integration of orbital and lander data for sample return targeting, investigation of planet  
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Specific Gaps and Recommendations 
 
1. Terrestrial analog testing of the complete theory-lab-field-airborne/satellite chain. 

The steering group’s critical role is to facilitate and maintain a strong focus on addressing the 
central questions outlined in the summary. The steering group should: 

 
(1) Facilitate and collect community input. 
(2) Select appropriate terrestrial field sites. 
(3) Facilitate making appropriate data publicly available.  This may draw on data sets 

measured for other studies. 
(4) Facilitate reporting at a community workshop, including discussion of what the results 

indicate for meshing current and future measurements with the Mars exploration program.  
 
End-to-end spectroscopy research of terrestrial analog sites that includes field/rover, 

airborne/satellite, laboratory work, and theory is important.  The specific implementation 
could take several forms but must be designed to address fundamental problems in 
field/rover, airborne/satellite, telescopic, and theoretical work as applied to interpretations 
of data sets of Mars.  Interlinking of the perspectives through theoretical work is also 
important.  However, it is not sufficient to collect and release the data; analysis must be 
funded.  In addition, collaboration between the Space Science enterprises and terrestrial 
communities in spectroscopy should be encouraged and facilitated. 

 
 

2a. Community spectral libraries.   
Data gaps:  There is an insufficient range of weathering products, coatings, textures, small 

particle size ranges (<50–100 µm), pure as well as mixed materials (composition and size 
distribution), transmission, optical constants, packing effects, and measurements at low 
temperature and in low pressure CO2 using well-characterized samples. 

Well-characterized includes (1) location or origin of sample; (2) chemical characterization, 
including major element analyses, solution pH and electrical conductivity, thermal and 
evolved gas analyses (e.g., differential scanning calorimetry (DSC) integrated with a mass 
spectrometer); (3) mineralogical characterization, including from Moessbauer and Raman 
spectroscopy, magnetic properties (magnetic susceptibility and saturation magnetization), 
powder X-ray diffraction, petrographic analyses of thin sections; (4) physical 
characterization, including bulk density, porosity, fabric, surface texture, and particle size 
distribution analysis.  Chemical and mineralogical characterization can be done for each 
size separate, and magnetic separate analysis for soils.  Chemical and mineralogical 
characterization can be done for each magnetic separate.  However, not all these need be 
done on each sample.  Sample characterization is the most time consuming step: it is 
estimated that it takes 2 to 3 weeks per sample to provide all the verification listed here. 

 
Production gap:  Researchers typically measure spectra to examine a particular question, not 

to create a public data base.  Although it is highly desired to make data publicly accessible, 
the motivation for researchers to spend unfunded time to do so is unclear, particularly 
when the spectra were measured through unfunded or non-NASA funded means. 
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Distribution gap:  No central location coordinates linking to the available public libraries, and 
no guidelines exist for individuals the archive their own data on-line. 

Recommendation:  The PDS Geoscience Node should maintain a web page with links to the 
currently available libraries of spectroscopic data and solicit or create links for additional 
data sites. PDS should provide guidelines and options for organizing (along with 
appropriate supplemental information/comments), posting, and referencing spectral 
libraries acquired or assembled under the R&A program. For continuity, PDS should also 
maintain a mirror site and back-up capabilities. 

 
R&A gap:  It is unclear which R&A program is responsible for funding spectral library 

development specifically intended for public access. 
Recommendation:  The appropriate R&A program associated with the Mars program (e.g. 

MDAP) should state in the AO an interest in funding VIS/IR public spectral libraries to 
support interpretation of current and planned data sets, and specifically include public 
production both of data already measured and to be measured.  This will clarify where and 
what to propose.  Additionally, PI's funded to produce public spectral libraries should have 
that funding continued only when they make the spectroscopic data public on schedule as 
proposed. 

 
Theoretical studies and links with spectral libraries:  The surface and atmosphere of Mars 

very probably contain an abundance of micrometer-sized particles, which are much smaller 
than the wavelengths used in thermal remote sensing.  The small size regime is poorly 
understood for two reasons: (1) Coherent interactions between particles are important.  (2) 
Weak bands are strongly displayed in the spectra of small particles; however, the spectra in 
some libraries were made using large particles, in which weak bands are poorly displayed. 

Recommendations:  Extend spectral libraries to include media of micrometer-sized particles, 
including mixed media with a range of size distributions.  Publishing complex refractive 
indices would be extremely valuable, provided that measurement methods, such as 
transmission are used that are sensitive to weak as well as strong bands. Laboratory 
spectral measurements designed to study coherent effects (e.g. intimate mixtures, packing 
effects) are also needed. 

 
 

2b. Laboratory instrumentation.  There are important gaps in attachments and environmental 
chambers for laboratory instrumentation: 
Facility gap:  Hemispherical reflectance measurements may be necessary in the thermal-

infrared for small particle size ranges, because they typically have a temperature gradient 
that causes spectral artifacts when measured in emission.  However, a gap in hemispherical 
reflectance capabilities exists from 25–50 µm. 

Facility gap:  Insufficient environmental capabilities exist to mimic the low pressure, 
desiccating, and cold (<150 K) conditions on Mars, and at high temperature to drive off 
bound water (>380 K). 

Funding gap:  Ensure sustained funding to upgrade current equipment 
 
 

 15Appendix 1 



 

3a. TIR airborne/satellite data.  There are essentially no publicly available airborne/satellite 
TIR hyperspectral data sets.  Hyperspectral data are required to address uniqueness, 
quantification, and detectability questions for satellite and airborne hyperspectral studies of 
Mars. 

 
Data gap:  Hyperspectral TIR data are largely in the DoD community.  Desired data include 

surface measurements and upward emission function (emission phase function, EPF) data. 
Recommendation:  The planetary community should make its needs known to communities 

who have hyperspectral TIR data.  Hyperspectral data sets may be available if asked for. 
 
Options:  Options to allow validation of hyperspectral methods include: 

A. Develop and purchase a community spectrometer 
B. Sponsor a group that has the instrumentation to measure data and make it publicly 

available (full NASA funding) 
C. Propose joint measurements with a group that has the instrumentation (shared 

funding) 
D. Request piggyback measurements on other work performed by a group that has 

the instrumentation (no NASA funding provided, making availability 
unpredictable)  

E. Interpret Mars hyperspectral data sets without benefit of similar terrestrial 
hyperspectral experience validated by ground truth. 

 
Research gaps:   

A. Uniqueness of mineral identification when ground truth is not available 
B. There is no terrestrial hyperspectral study that validates the main atmospheric 

compensation technique used for TES data 
C. Testing and validation of current quantitative abundance mapping methods using 

terrestrial hyperspectral data validated by ground truth. 
 
 

3b. VIS/NIR airborne or satellite instrumentation.  
Data gaps:  The ~2.5–5 µm range has both reflected and emitted light, which requires 

development and testing of techniques for interpretation to support CRISM. No data in 
the NASA community covering this range was identified, but other communities have 
instrumentation that covers this range. 

Data gaps for atmospheric compensation studies:  CRISM plans to compensate for 
atmospheric interference using upward emission function (emission phase functions, EPF), 
but no public data sets exist to study this technique over the 1–5 µm range.  However, it 
was unclear how important this gap is, since coverage of shorter and longer wavelength 
regions is available that could be used to develop and test techniques. 

 
 
3c. Ground-based telescopic spectroscopy:  Measuring atmospheric constituents like ozone 

and water vapor, and clouds and circulation have an important role in the Mars program.  
Ground-based measurements provide global coverage and long term systematic baseline 
measurements that the current Mars flight program is not designed to provide. 
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4a. TIR field spectrometers. 
Data gap:  Almost no NASA research exists using data measured with high fidelity to the 

2003 lander spectrometer.  Nearly all NASA data sets are measured looking straight down 
at the surface, while lander spectrometers will measure more horizontally and over a wide 
range of angles. 

 
Facility gap (high fidelity):  Options to allow high fidelity testing and to prepare the 

community include: 
A. Develop and purchase a community TIR imaging field spectrometer 
B. Sponsor a group that has the instrumentation to measure data and make it publicly 

available (full NASA funding) 
C. Propose joint measurements with a group that has the instrumentation (shared 

funding) 
D. Request piggyback measurements on other work performed by a group that has 

the instrumentation (no NASA funding provided, making availability 
unpredictable) 

E. Interpret Mars data sets without benefit of similar terrestrial experience validated 
by ground truth. 

 
Facility gap (low-fidelity):  Three groups can make point (non-imaging) measurements, with 

one instrument shared among three universities, so five research groups have access to a 
non-imaging instrument.  Although these are low fidelity to the flight instruments, they are 
important for research and teaching. 

Recommendation:  Modest investment in a point-measuring spectrometer is warranted, if the 
instrument is managed in a manner to make it openly available to the community. 

 
 

4b. VIS/NIR field spectrometers. 
Facility gap:  No facility to cover the 2.5–5 µm range was identified in the NASA 

community. 
Data gap:  Too little research has occurred using data measured in a geometry similar to 

landers.  Most data sets are measured looking straight down at the surface, while lander 
spectrometers will view the scene more horizontally and over a wide range of angles.  No 
field data covering the 2.5–5 µm range was identified in the NASA community. 

 
 
5. Mesh first community access to flight data with the R&A cycle. 

Gap:  The period where only the instrument team has access to Odyssey data ends in October 
2002, after the deadline for Mars-related R&A programs has passed (e.g. MDAP is due in 
Aug).  Thus non-team members must wait until the following year's R&A to propose on 
even footing (~Aug 2003); followed by at least a ~6 month delay in funding (~Feb 2004). 

The total can delay R&A funded non-team member research by at least ~2 years from initial 
Odyssey data return (Feb 2002).  This is a significant delay in light of the 26 month Mars 
mission cycle, and it reduces the community's engagement and capacity to address gaps in 
research that would aid the Mars program goals. 
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Recommendation:  Officially release sufficient demonstration data and documentation in time 
to support proposals on an even footing.  This requires coordination between R&A 
management, instrument teams, and the PDS to define: 

A. When the data have to be available to mesh with the most relevant R&A program 
deadline(s) 

B. The volume/type of preliminary data (e.g. how many images?). 
C. Completeness (e.g. are full band THEMIS data needed?). 
D. Who would release the data (PDS or PI). 
E. How to announce it is available (e.g. through the R&A program). 
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Appendix 2 
 

GEOLOGIC REMOTE SENSING FIELD EXPERIMENT 
 
This is subset from the on-line GRSFE documentation: 
http://wufs.wustl.edu/geodata/grsfe/gr_0001/DOCUMENT/VOLINFO.TXT 
 
 
2.  GRSFE OBJECTIVES 
 
     The primary GRSFE objectives were:  (a) to acquire airborne remote sensing and field data in 
a coordinated campaign for key geological targets, e.g., alluvial fans, dunes, lava flows, 
volcanoes, etc.; (b) to reduce and document the data and deliver the archive to the Planetary Data 
System (PDS) and the Pilot Land Data System (PLDS); (c) to take advantage of the multisensor 
approach, allowing cross-comparison of results acquired with different wavelengths and 
facilitating rigorous characterization of surfaces using multiple wavelength intervals; (d) to use 
results to test quantitative models for the extraction of surface property information from remote 
sensing data for Earth (e.g., Earth Observing System), Moon (e.g., Lunar Observer), Mars (e.g., 
Mars Observer), and Venus (e.g., Magellan); and (e) to use data in prototype EOS studies 
focused on the nature and ages of geological features and implications for regional climatic and 
tectonic histories. 
 
     Table 2.1 shows relevant remote sensing instruments currently flying or scheduled to be 
flown on upcoming missions.  The spaceborne missions will acquire new, detailed information 
about materials exposed on the surfaces of Venus, Mars, and Earth, respectively.  For example, 
multiple incidence angle observations with the Magellan radar system and altimeter provide 
information about the Fresnel reflectivity and the roughness of the Venusian surface.  The EOS 
SAR and its precursor, the Shuttle Imaging Radar (SIR-C), will provide multiple frequency, 
multiple incidence angle polarimetric data for the Earth's surface.  The French ISM instrument 
on PHOBOS II measured the reflected infrared spectrum of Mars with approximately 22 km 
footprint widths for the equatorial latitudes.  VIMS on some Mars mission, and HIRIS on EOS, 
are imaging spectrometers that will acquire detailed spectral reflectances in an image context.  
Similar capabilities will exist in the thermal infrared, with TES on Mars Observer.  The EOS 
MODIS-T and MISR instruments will acquire multi-emission angle data to help in deciphering 
atmospheric and surface scattering and absorption.  The TES system will also be used to acquire 
multi-emission angle data for given areas.  The visible through microwave data to be acquired by 
the various spaceborne instruments will be used to extract information on mineralogy and 
composition (e.g., from locations, depths, shapes of absorption features due to electronic and 
vibrational processes) and on selected physical properties (e.g., grain size and degree of packing, 
macro-scale roughness) associated with surface materials.   
 
     Appendices D-1, D-2, and D-3 contain detailed information about the airborne and field 
instruments used in the GRSFE campaign.  GRSFE was designed to use, to the extent possible, 
instruments similar to those used or to be used on the space missions discussed in the last 
paragraph.  Further, the GRSFE instruments acquired data for surfaces that are roughly 
analogous to those found on Mars and Venus, and that are likely to be regions of study with EOS 
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data.  Also, the GRSFE airborne and ground campaign was designed to ensure that the objective 
of testing quantitative data reduction models for regions with extensive ground truth would be 
met.  For reference, Table 2.2 illustrates the types of analyses that the NASA-supported science 
community is currently pursuing using GRSFE data. 
 
     The spaceborne missions of the 1990s will result in high volume, complex data sets that will 
present major archiving challenges.  Thus, another major GRSFE objective was to explore the 
extent to which PDS and PLDS standards and guidelines could be used to facilitate archiving a 
modestly complex set of data.  The extent to which the Version 1.0 release of the GRSFE archive 
will be used by the research community will provide direct information on the utility of the 
standards and guidelines, and our overall archiving approach. 
 
 
TABLE 1.1 
                          GRSFE PARTICIPANTS 
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Lisa Gaddis 
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David Harding 
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--------------------- 
Diane Evans - SSG Co-Chair 
Elsa Abbott 
Carol Bruegge 
Fred Burnette 
James Conel 
Pascal Dubois 
Thomas Farr - SSG Member 
Rob Green 
Gordon Hoover 
John Holt 
Phil Hughes 

Howell Johnson 
Anne Kahle - SSG Member 
Mike Kobrick 
Joel Norris 
Jeff Plescia 
Jakob van Zyl - SSG Member 
Gregg Vane 
Michele Vogt 
Steve Wall - SSG Member 
Cathy Weitz 
Rich Zurek 
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Stanford University 
----------------------- 
Richard Simpson - SSG Member 
 

USGS 
-------- 
John Dohrenwend 
 

University of Arizona 
------------------------ 
Bill Farrand  
Paul Geissler 
Jeff Kargel 
Robert Singer - SSG Member 
 

University of California 
------------------------ 
Susan Ustin 
 

University of Colorado 
------------------------ 
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John Dietz 
Gary Finiol 

Alex Goetz 
Bradley Henderson 
Fred Kruse - SSG Member 
Kathy Young 

 

University of Nevada, Reno 
-------------------------- 
John Perry 
 

University of Washington 
------------------------- 
Alan Gillespie  
 

Washington University 
----------------------- 
Raymond E. Arvidson  - SSG Co-chair  
Kristy Chamberlain 
Mary A. Dale-Bannister 
Glen Green 
Edward A. Guinness - SSG Member 

Shelley B. Petroy 
Jeffrey J. Plaut 
Susan H. Slavney 
Thomas C. Stein 
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INTRODUCTION 
 

Mineralogy is an essential tool to assess environments on Mars that may have been 
conducive to the support and preservation of life and biomarkers, and reflectance and emission 
spectroscopy remain the most capable method for remote mineral identification.  On June 10 - 
11, leaders of the planetary community with expertise in spectroscopy and remote mineral 
identification met to discuss the state of understanding of Mars surface composition, and to 
assess what critical gaps may exist in planned spectral measurements of Mars.  Participants also 
discussed what critical gaps may exist in research programs to support investigations of the 
current and planned data sets, and the proposed Mars airplane.  It was felt these issues needed to 
be addressed, given the shift of the NASA Mars program toward a search for regions conducive 
to the preservation of biomarkers, and the desire for sample return.  This report summarizes our 
consensus. 

To support the selection of landing sites that may preserve biomarkers, participants 
agreed that the most critical gap that will remain is a spectral data set of Mars that contains very 
high information content spectra of targeted regions.  Experience gained from spectral data sets 
of Mars and Earth has shown that an unambiguous interpretation requires spectra with both high 
spatial resolution and very high information content.  High information content is obtained by 
measuring with broad spectral range, high spectral resolution, and high signal to noise ratio.  
Targeted rather than global coverage will allow the return of this type of data set.  The first 
workshop Letter summarizes the consensus. 

Participants also discussed the ability of the community to interpret current and planned 
spectral data sets.  Some participants stated a need for:  1) an expansion of publicly available 
spectral libraries to include a wider range of materials, such as coatings and poorly crystalline 
materials, that may be present on Mars;  2) public archiving of data measured under current 
programs;  3) upgrading the community laboratory facility to measure the full wavelength range 
of current and planned data sets (0.4 - 50 µm); and  4) testing and evaluation of currently 
available methods for quantitative spectral analysis, and evaluating similar methods developed 
by Department of Defense and Intelligence Agencies.  The workshop did not have the goal of 
addressing these issues, and no consensus was reached, but these issues were felt to be of 
sufficient importance to warrant further discussion.  The majority of participants did agree that 
there is a need for spectral measurements over the full wavelength range of current or planned 
data sets, and that there is a need for testing of currently available quantitative analysis methods.  
The second workshop Letter summarizes the majority recommendations. 

Selecting among potential landing and sample return sites will be aided by a clear, 
unambiguous interpretation of spectra measured from orbit.  To provide adequate support for the 
landing site selection process, we recommend the measurement from orbit of high information 
content spectra of targeted regions, and further discussion of what is needed for supporting 
laboratory measurements and evaluation of quantitative methods of examining the spectra.  This 
will provide essential tools in the phased approach to Mars exploration that NASA has 
developed.  Additional details on workshop recommendations are contained in the Letters within 
this report.  We strongly encourage NASA and the Mars community to consider these 
recommendations in planning for future research programs. 
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HISTORICAL NOTE 
 

This workshop had an unusual breadth of researchers present, and included expertise in 
spectroscopy of Mars, Earth, and the moon; from the both NASA and the DOD/Intelligence 
community; and in laboratory spectral research and computational spectral analysis. 

However, an interesting historical note was the presence of all three builders of the only 
thermal infrared spectrometers ever sent to Mars.  It is the first, and will perhaps be the only 
time, that all three have met: 

 
 

Kenneth C. Herr (1969 Mariner Mars 6/7 Infrared Spectrometer, IRS) 
Rudolf A. Hanel (1971 Mariner Mars 9 Infrared Interferometer Spectrometer, IRIS) 
Philip R. Christensen (1997 Global Surveyor Thermal Emission Spectrometer, TES) 
 
 
 

 
 

Photo Credit:  Debra Rueb, LPI Staff Photographer 
Taken during the workshop, at the entry to the LPI 
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RECOMMENDATIONS:  NEXT SPECTRAL DATA SET 
 
Summary Recommendations:  High resolution spectroscopy will be of great importance for 
future Mars exploration and is particularly important for assessing present and past environments 
in the search for evidence of life.  After the successful return of planned data sets, the next 
orbited instrument should emphasize hyperspectral measurements that: 

1) are targeted to regions of interest rather than global. 
2) have very high information content (high signal to noise ratio, high spectral resolution, 

and cover both the reflectance and emission spectral regions). 
3) have high spatial resolution. 

This information will allow the best opportunity to select the most desirable landing sites for 
missions focused on life detection and biomarkers. 
 
 

Background.  On June 10 - 11, 1999 the workshop "Spectroscopy of the Martian 
Surface: What Next?" was held at the Lunar and Planetary Institute in Houston, TX.  At this 
workshop, leaders of the science community with expertise in spectroscopy and remote mineral 
identification met to discuss the state of understanding of Mars surface composition, and to 
assess what critical gaps may exist after the successful completion of currently planned Mars 
missions.  Participants agreed that the most critical gap that will remain is a spectral data set 
containing targeted, very high information content measurements to support the selection of 
landing sites that may preserve biomarkers.  This information will enable sample return missions 
focused on life detection the best opportunity to bring back definitive samples.  This letter 
summarizes the consensus of the participants. 

Planned data sets.  Should the currently planned instruments complete their objectives, 
then we feel that the global reconnaissance mapping of Mars will be completed.  The Global 
Surveyor TES will provide global measurements of Mars using emission spectroscopy (6 - 
50 µm) at 3 km spatial resolution.  This will be complemented in 2001 by multispectral visible 
and thermal infrared imaging at <100 m/pixel (MARCI and THEMIS).  Equally important, the 
2003 Mars Express OMEGA will obtain hyperspectral visible and near-infrared imaging (0.4 to 
5.0 µm) at 2 km/pixel, filling a critical gap in the type of data available for mineralogical 
analysis. 

Next data set.  The next instrument should collect high spatial resolution, high 
information content spectra of targeted regions.  Mineralogy is an essential tool to assess ancient 
and modern environments on Mars that may have been conducive to the support and preservation 
of life and biomarkers, and reflectance and emission spectroscopy remain the most capable 
method for remote mineral identification.  It is likely that the global data sets (TES, THEMIS, 
MARCI, OMEGA) can be used to identify many potential sites for lander science measurements 
and sample return.  Experience gained from spectral data sets of Mars and Earth has shown that 
an unambiguous interpretation of a complex region requires spectra with both high spatial 
resolution and very high information content.  Such data will be important for selecting the most 
desirable among the potential landing sites.  It will also greatly facilitate traverse planning, and 
lead to maximal return from landed science and sample return missions. 

High information content is obtained by measuring with broad spectral range, high 
spectral resolution, and most importantly high signal to noise ratio (SNR).  Spectral resolution 
should be coupled with SNR, so that lower spectral resolution requires higher SNR.  The data set 
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should not be global, but should focus on the most promising sites identified from the global data 
sets.  The currently proposed Ariane piggyback micromissions will lack the payload for an 
instrument capable of making these measurements. 

Neither reflectance nor emission spectroscopy alone is sufficient to uniquely determine 
the full range of minerals that may be present, as each method is sensitive to different physical 
processes.  Together they provide the best capability to identify the surface mineralogy.  The 
broader the spectral range, the less ambiguous the interpretations, and the more technical the 
justification for selecting a particular landing site. 

Accurate interpretations of mineralogy require a strong analytical and laboratory 
foundation.  Although much progress has been made, the program would be considerably 
strengthened by coordinated testing and integration of analytical approaches; identification and 
mitigation of gaps in community spectral libraries and facilities; and an explicit means to make 
existing and future laboratory measurements readily available to the entire community. 

 
 
On the basis of our extensive experience with laboratory, planetary, and terrestrial 

spectroscopy, the workshop participants identified the following instrument characteristics 
required to best determine the minerals present and to best select among potential landing sites: 
 
--Targeted coverage. 
--Spectral resolution of <10nm for 0.4 - 2.5 µm region;  λ / λ∆ > 250 for 2.5 - 50 µm. 
--SNR >500rms for 30% albedo at 2 µm, and >500 to 1000rms for thermal for 270K. 
--Spatial resolution of <100 m/pixel. 
--As broad a wavelength range as possible. 
--Continuous spectra sampled >1 to 2 measurements per spectral resolution element. 
--High quality calibration. 
 
Such an instrument would provide an essential tool in the phased approach to Mars exploration 
that NASA has developed.  We strongly encourage NASA and the Mars community to consider 
these recommendations in planning for future missions. 
 
Sincerely, 
Participants of the workshop, "Spectroscopy of the Martian Surface: What Next?" 
 
 
Jim Bell  Diana Blaney  Phil Christensen Ben Clark 
Roger Clark   Stéphane Erard Jack Farmer  William Farrand 
Rudy Hanel  Gary Hansen  Ken Herr  Eric Keim 
Laurel Kirkland Melissa Lane  Paul Lucey  Richard Morris 
Scott Murchie  John Mustard  Carlé Pieters  Jack Salisbury 
Steve Saunders Allan Treiman  Steve Young 
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RECOMMENDATIONS:  SUPPORTING RESEARCH 
 
Summary Recommendations:  Spectroscopic remote sensing of surface composition has been 
of critical importance to our current understanding of Mars, as well as other planets.   
Spectroscopy, especially high resolution spectroscopy, will continue to be of great importance 
for future Mars exploration and is particularly important for assessing present and past 
environments in the search for evidence of life.  There are two areas that need more emphasis by 
Research and Analysis Programs:  1) Measurement and public archiving of spectra covering the 
range 0.4 - 50 µm; and 2) Testing of quantitative mineral analysis methods.  Participants also felt 
there should be additional discussion of what materials should be measured, and how the data 
should be archived. 
 
 

Background.  On June 10 - 11, 1999 the workshop "Spectroscopy of the Martian 
Surface: What Next?" was held at the Lunar and Planetary Institute in Houston, TX.  At this 
workshop, leaders of the planetary community with expertise in spectroscopy and remote 
mineral identification met to discuss the state of understanding of Mars surface composition, and 
to assess what critical gaps may exist in planned measurements of Mars and supporting research 
programs.  This letter summarizes our consensus about the supporting research programs. 

Knowledge of surface composition is an essential tool to assess ancient and modern 
environments on Mars that may have been conducive to the support and preservation of life and 
biomarkers.  Reflectance and emission spectroscopy are the most capable method for remote 
compositional mapping.  Participants concluded that there remain several critical needs in the 
ability of the community in order to reliably interpret current and planned spectral data sets.  One 
is the unavailability of supporting spectral libraries that contain diverse measurements over the 
entire wavelength range measured by current and planned spectrometers (0.4 - 50 µm).  Another 
is the need to test and compare currently available analytical methods that are used to 
quantitatively examine remotely sensed spectra. 

Laboratory spectra.  Two factors are essential for detection and quantification of 
surface materials:  high information content spectra of Mars, and high quality laboratory spectra.  
Participants concluded that a lack of access by the entire community to measurements over the 
full wavelength range measured by current and planned spectrometers (0.4 - 50 µm) seriously 
impedes interpretations.  Measurement of diverse materials relevant to active processes and the 
environment of Mars over the full wavelength range should be encouraged by current Research 
and Analysis Programs.  This community effort will be strongly aided by insuring that there is a 
community measurement facility capable of measuring the entire 0.4 - 50 µm range.  It is 
essential to the success of this integrated approach that spectral data measured under this 
program are publicly archived, and that the materials measured are well-characterized. 

Quantitative methods.  Workshop participants concluded that there is a strong need to 
test and evaluate currently available identification and unmixing algorithms.  An important 
baseline could be established through blind measurements by different algorithm proponents of 
prepared samples representing increasing degrees of difficulty. 

Participants also felt quantitative methods will be advanced by the development of 
liaisons to similar research programs, such as those developed by Department of Defense and 
Intelligence agencies.  One goal should be to test and incorporate knowledge from these other 
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programs into the NASA community, perhaps by inviting them to participate in the blind 
measurement program. 

Additional discussions.  Participants concluded there should be additional public 
discussion of what materials should be measured, and how the data should be archived.  
Materials discussed included weathering materials and coatings, and poorly crystalline materials 
that may be present on Mars.  The workshop did not have the goal of addressing these issues, and 
no consensus was reached, but these issues were felt to be of sufficient importance to warrant 
further discussion. 

 
 
Recommendations.  Selecting among potential landing sites will be aided by measuring 

targeted, high information content spectra from orbit, followed by clear, unambiguous 
interpretations of the spectra.  Community access to measurements over the full wavelength 
range covered by current and planned instruments, and the development and testing of 
quantitative analysis methods will provide the enabling foundation and data analysis tools that 
are essential to the phased approach to Mars exploration that NASA has developed.  We strongly 
encourage NASA and the Mars community to consider these recommendations in planning for 
future research programs. 
 
 
Sincerely, 
Participants of the workshop, "Spectroscopy of the Martian Surface: What Next?" 
 
Jim Bell  Phil Christensen Ben Clark  Roger Clark  
Stéphane Erard Jack Farmer  William Farrand Rudy Hanel 
Gary Hansen  Ken Herr  Eric Keim  Laurel Kirkland 
Melissa Lane  Paul Lucey  Scott Murchie  John Mustard 
Carlé Pieters  Jack Salisbury  Steve Saunders Allan Treiman 
Steve Young 
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RECOMMENDATIONS:  MARS AIRPLANE 
 

Participants felt that with the successful completion of the currently planned remote 
sensing instruments (TES on Mars Global Surveyor, THEMIS on Mars '01, and OMEGA on 
Mars Express ‘03), the next step for Mars surface spectroscopy is targeted imaging spectroscopy 
at spatial scales < 100 m. 

Participants recognized that the Mars Airplane could act as a science  and technology 
demonstration mission, paving the way for the next generation of observation, provided an 
appropriate instrument was flown at a good location.  This instrument would need to have spatial 
resolution of a few 10's of meters.  The instrument should cover a wavelength range at sufficient 
spectral resolution (λ / λ∆ > 250) and signal to noise ratio (>500) to be able to identify specific 
diagnostic mineral spectral features.  High spectral resolution is needed for definitive 
mineralogic characterization, because the currently planned global survey products will likely be 
sufficient to identify candidate locations that may contain mineral deposits conducive to 
preservation of a fossil record.  However, a data product capable of prioritizing and 
characterizing in more detail an interesting site at higher spatial and spectral resolution than is 
currently planned is of high interest to the community. 

While imaging spectroscopy is desirable, a profiling spectrometer taking spectra along 
the airplane track would also return scientifically useful data, provided it was registered to 
images.  However, a poorly chosen instrument or one flown to a location where the geologic 
setting would not predict mineralogical variations could be a serious setback in the overall goal 
of exploring Martian mineralogy at these spatial scales. 
 
 
Sincerely, 
Participants of the workshop, "Spectroscopy of the Martian Surface: What Next?" 
 
 
Jim Bell  Diana Blaney  Phil Christensen Ben Clark 
Roger Clark   Stéphane Erard Jack Farmer  William Farrand 
Rudy Hanel  Gary Hansen  Ken Herr  Eric Keim 
Laurel Kirkland Melissa Lane  Paul Lucey  Richard Morris 
Scott Murchie  John Mustard  Carlé Pieters  Jack Salisbury 
Steve Saunders Allan Treiman  Steve Young 
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1. PURPOSE AND SCOPE 
 The purpose of this document is to provide guidelines for the structure, content, and 
documentation of laboratory spectral libraries of solid materials that would maximize use of the 
data and provide archives that are PDS-compliant.  A spectral library is defined to be a set of 
spectral observations of some set of targets or samples, together with documentation and 
correlative data that provide additional information of use in analyses of the primary 
observations.  The primary observations could, for example, be acquired in transmission, 
reflection, or emission.  The correlative data, including X-Ray fluorescence, X-Ray diffraction, 
and Moessbauer, and petrographic data  provide added scientific benefit during analyses of 
spectral data.  The overall objective of spectral libraries generated according to the PDS 
guidelines is to archive and maximize their long-term use by the planetary community.   

 This document begins with an overview for generation of spectral libraries, followed by 
example library user scenarios.  The overview and scenarios are then used to provide guidelines 
for the generation, structure, and documentation of the libraries, followed by exemplary data 
base schema and user views that illustrate the advantages of delivery of spectral libraries using 
the guidelines.  
 
2. OVERVIEW 
The approach used in this document is to provide guidelines for generation and documentation of 
spectral libraries that are flexible, user-friendly, and  PDS-compliant.  The intent is to have PDS 
Geosciences Node personnel work with library suppliers to ensure that the guidelines are met.  
The spectral libraries can be either posted locally at suppliers institutions and linked to the PDS 
Geosciences site or posted directly that site.  In either case, the libraries are archived at the PDS.  

 

Uses of spectral libraries range from fundamental characterization of materials to comparisons 
with spaceborne and telescopic observations.  For example, the Mars Express OMEGA and Mars 
Reconnaissance Orbiter CRISM instruments are both imaging spectrometers that will operate in 
the VNIR spectral range (~400 to 5000 nm).  One mode of data analysis is to process the 
spaceborne data to spectral reflectance and to then compare the observational spectra (manually 
or automatically) to library spectra to find matches.  Good library spectral matches to spaceborne 
data, based on least squares or other approaches, provide a starting point for consideration of 
what materials are on the surface of Mars.  To optimally conduct these comparisons, the 
normally higher-quality data in the spectral libraries would typically be degraded to match the 
observational data.  Furthermore, the library samples must be well understood in terms of what 
controls their spectral properties, which implies well characterized samples (e.g, inclusion of 
major element analyses and Moessbauer spectra). 
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3. OPTIONS FOR CONTRIBUTING SPECTRAL LIBRARIES 
Several options are available for delivering PDS-compatible spectral libraries: 

• PDS Node. Data are provided in an agreed-upon format to the PDS Geosciences 
Node for archival in a central repository.  Data provided in this manner will be 
stored centrally and distributed search mechanisms developed by the Geosciences 
Node.  All data will be clearly attributed to the original donor.  This option allows 
sites to contribute libraries without taking on responsibility for storage and 
dissemination. 

• Local node, PDS database.  Data are stored at the contributing site using a 
database designed and distributed by the Geosciences node.  The product will 
include a user-friendly input interface developed by the Geosciences Node and 
designed in cooperation with contributing sites.  A standardized search interface 
will also be provided.  This option allows sites to retain control of their own 
dataset and make it publicly accessible on their own servers, with a minimum of 
technical effort. 

• Local node, local database.  Data are stored at the contributing site using a 
locally-developed database.  Search interfaces must be PDS-compliant.  This 
option allows sites to maintain full control over the storage and dissemination of 
their data, as well as the software used for storage.  Sites choosing this option will 
need some local technical expertise in database design and development.  
Appendix 2 provides some support for this option, and the Geosciences Node will 
provide limited additional consultation with individual sites choosing this option. 

Local nodes will be linked to the Geosciences Node so that users can easily find all spectral 
library sites within the node structure. 

 

4.   DATABASE DETAILS 
 Data may be provided for input into the database in various formats, including flat (text) 
files and Microsoft Excel spreadsheets in to-be-specified formats.  A Web interface for input of 
additional data may also be available. 

Once in the database, information will be searchable using a variety of criteria, using a 
standardized interface yet to be defined.  Details of database search features will be determined 
in accordance with user requirements, with a goal of accommodating a range of different search 
methods. 

A detailed list of data items for inclusion in the database appears in Appendix 1. The kinds of 
data to be incorporated are as follows: 

• Basic sample information, including sample name, collection locality, 
classification (e.g., mineral, water/ice, or rock), along with additional 
classification-specific items (such as, for a mineral, formula and particle size). 

• Primary spectral information, including details about the analyses performed, 
such as the methodology used and the name of the researcher who made the 
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measurements.  It will also include instrumentation information, relevant 
environmental parameters (e.g., temperature, pressure, and purge gas), and 
lighting and viewing geometry information.  The spectral data will be contained 
in attached data files.  If a single sample has been analyzed multiple times, details 
of each analysis will be retained. 

• Correlative analyses, including other analyses (e.g., major element analyses, 
magnetic properties, and Moessbauer spectra) performed on the sample.  Multiple 
analyses of a single type may be stored for a single sample.  The results of these 
analyses will be viewable in flat-file format.  Some summary information (such as 
magnetic properties) will also be present in searchable format.  Full information 
from compositional analyses will also be searchable, since this information is 
considered particularly fundamental.  

• Analyst information.  Information about contributors, including name, 
institution, and contact information. 
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APPENDIX 1: Contents of a Spectral Library 

This section is intended as a list of the data items that may be present in the database.  
It need not represent the format in which they will be entered or viewed.  Within each 
category, items in boldface are required for all records; other items are optional except 
as noted. 

General Information 
(Information stored for every sample.) 
Sample ID (automatically generated)  
Sample Name (defined by supplier) 
Origin (e.g., Earth, Moon, Meteorite, or Synthetic) 
Classification (one of: mineral, rock, unconsolidated, ice) 
Sample Collection Locality (e.g. “Mauna Kea, Hawaii”, “Mojave Desert”) 
Supplier (e.g. R. Morris) 
Sample Storage Location (e.g. Washington University) 
Reference/Contact (primary publication reference, website, or name) 
 

Classification-Specific Information 
(Each sample is classified into one of these categories and has the information associated with 
the category.) 

Classification 
1. Mineral (pure or nearly pure, see standard definition of mineral) 

2. Rock (a mixture of different components that are consolidated)  {Not all rocks are composed 
of minerals.} 

3. Unconsolidated (a mixture of different components that are not consolidated) 

4. Ice (solid volatile, pure or mixture) 

 

Mineral Detail 
Mineral Class (e.g. Native Element, Sulfide, Halide, Carbonate, Silicate) 

Mineral Family (e.g. Metals, Neosilicate, Phyllosilicate) 

Mineral Group (e.g. Olivine, Garnet, Pyroxene, Feldspar, Mica) 

Mineral Species (e.g. fayalite, forsterite, biotite, muscovite) 

Particle/Crystal Size Range 

Mineral Variety (e.g. ferrian diopside, rose quartz)  

Comments 

Quality Flag 
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Rock Detail  

Sample Name or ID 
Rock Type (one of: volatile-rich, volatile-poor (igneous), volatile-poor (other)) 

Rock Subtype (e.g. mafic/basic, felsic/acidic, evaporite, clastic, biogenic)  

Textural Modifier (e.g. porphrytic, granular, foliated, oolitic) 

Description 

Quality Flag  

 

 Unconsolidated Detail  

Sample Name or ID 
Material Group (e.g. igneous, sedimentary, metamorphic) 

Material Subgroup (e.g. mafic, felsic, evaporite, secondary) 

Material Species (e.g. tephra, ash, soil, Dirty Dick’s favorite crud) 

Material Variety (e.g. basaltic [tephra]) 

Particle Size Range 

Particle Size Mean 

Particle Size Standard Deviation 

Particle Size Skewness 

Particle Size Kurtosis 

Description 

Quality Flag 

  

Ice Detail 

Sample Name or ID 
Ice Type (e.g. dry ice, water ice)  

Ice Formula (e.g. CO2, H2O) 

Description 

Quality Flag 
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Primary Spectral Data 
(Primary spectral data are meant to be the core observations that define the library, e.g., a 
series of bi-directional reflectance spectra.  These data are stored for each analysis performed 
on each sample.) 

Analysis ID 

Facility 

Acquisition Date  

Reference/Contact  
Instrument (e.g. Nicolet, ASD) 

Measurement Type (bi-directional reflectance, hemispherical reflectance, etc.) 

Calibration mode 

Spectral Range 

Spectral Sampling Interval  

Spectral Resolution 

Radiometric Resolution 

Illumination type/source  

Geometry (not all geometric parameters will be defined for each analysis, since different 
viewing geometries may have different parameters associated with them; only those parameters 
relevant to the geometry used will be required)  

Type (bi-directional/directional-hemispherical/etc.) 

Incidence angle 

Emission angle 

Phase angle 

Environment: 

Pressure 

Temperature 

Purge Gas 
Purge Duration (length of time or until no change) 

Comments   

Spectrum data filename 
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Correlative Data 
(For each correlative analysis performed on a sample, one of these sets of data—that 
corresponding to the analysis type--will be stored.) 

Correlative Data Types 

1. Magnetic Properties 

2. Images 

3. Mössbauer Spectroscopy 

4. Raman Spectroscopy 

5. X-Ray Diffractometry 

6.  Elemental Composition  

6a.  X-Ray Fluorescence Spectroscopy 

6b.  Electron Microprobe 

6c.  Other (e.g., ICP) 

8.  pH and Eh 

9.  Thermal Analysis 

 

 Magnetic Properties Detail 

Analysis ID 

Date 

Facility 

Reference/Contact 
Results (data table or image) 

Comments 

… 

Imaging Detail 

Analysis ID 

Date 

Facility 

Reference/Contact 
Results (data table or image) 

Comments  

… 

ETC. 

 44Appendix 4 



 

Suppliers 
(Intent is to provide contact information for people referenced in the database.) 

Name 

Location 

Contact address 
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APPENDIX 2: DATABASE DESIGN DETAILS 
The PDS Geosciences Node is in the process of designing a database structure, or schema, that is 
tailored to spectral libraries.  Details are provided here for remote sites that may wish to create 
their own databases.  Remote sites are not obliged to follow this scheme, as long as the chosen 
format contains the information specified in Appendix 1. 

 

A2.1: OVERVIEW OF RELATIONAL DATABASES 
This section gives an overview of the basic concepts associated with relational databases.  It may 
be useful in understanding the concepts and terminology in Section 2.1. 

A relational database is structured as a set of interrelated tables of data.  Figure 1 below shows 
an example table, containing the fields “name,” “phone,” and “email”: 

Figure 1: Example Table: People 

 

Name Phone Email 

Ray Arvidson (314)935-5679 

Laura Back (314)935-8555 back@wunder.wustl.edu 

Susan Slavney (314)935-5493 slavney@wunder.wustl.edu 

arvidson@wunder.wustl.edu

 

 In a database table, some field or set of fields must be specified as the key.  Every entry 
in a table must have a unique key.  (When the key is composed of multiple fields, the 
combination of values contained must be unique.)  In the example above, “Name” might be 
declared a key, if we expected only one entry per person (and no two people with the same 
name) in the “People” table. 

 A relationship between two tables is based on a field (or multiple fields) appearing in 
each table, so that values between two tables can be matched.  The relationships we are 
concerned with may be one-to-one or one-to-many; that is, there may be only one item in the 
second table corresponding with an item in the first table, or there may be several.  Continuing 
with the above example, we may have a second table titled “Papers” with title, author, and 
publication of various research papers.  The “Name” field in the “People” table could have a 
one-to-many relationship with the “Author” field in the “Papers” table, with the value “Ray 
Arvidson” appearing once in the former table and repeatedly in the latter. 

 

A2.2.  SPECTRAL LIBRARY DATABASE STRUCTURE 
 

The database will consist of the following tables: 

1) General sample information.  Table 1 contains information available for all 
samples, such as name and classification, and is keyed on the sample name.  (This 
requires that no two samples have the same name.) 
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2) Classification-specific tables.  Since each classification (e.g., mineral, rock, 
water/ice) may be associated with different specific information (“particle size,” for 
example, is relevant to a mineral sample but not an ice sample), separate tables are 
needed for the different sets of fields used for each classification.  One table (e.g., 
Table 2a, Table 2b, etc.) will be used for each classification.  Each sample appearing 
in Table 1 will appear once in one of these tables.  These tables will be related to 
Table 1 by the sample name. 

3) Spectral analysis information.  Because multiple spectral analyses are possible for a 
given sample, there is a one-to-many relationship between Table 1 and Table 3, based 
on the sample name.  (Note that “many” means there may be multiple values in the 
latter table; it is also permissible for there to be only one.)   The key for this table 
would be a combination of sample name and spectral analysis number. 

4) Correlative analysis information.  Again, multiple tables (Table 4a, Table 4b, etc.) 
will be used, since different types of analysis will be associated with different fields.  
A one-to-many relationship will exist between Table 1 and each of these tables, based 
on sample name.  The key for each table will be a combination of sample name and 
an analysis number (e.g., XRD analysis number, wet chemistry analysis number, 
etc.). 

5) Compositional information.  For each type of correlative analysis that produces 
composition information, a table (Table 5a, etc.) will be included to store the analysis 
results.   Each analysis on a sample produces a set of material/percentage pairs (this 
one-to-many relationship necessitates the separation of composition information into 
separate tables), and each such pair will be stored as a separate entry in these table.  
The tables will be related to the tables for the correlative analyses producing this 
information (one analysis table entry for multiple composition table entries), based on 
sample name and analysis ID.  The key for each of these tables will be sample name, 
analysis ID, and material.  Not every table under (4) will correspond with a table here, 
since not all correlative analyses produce composition information. 

6) Suppliers.  Each contributing researcher will appear once in this table.  The key will 
be researcher name, and the table will have a one-to-many relationship with the 
various analysis tables (which will contain, for each analysis, the identity of the 
researcher who performed it). 

 

Figure 2 is a schematic illustration of the design described above.  Each table is shown as a list of 
fields.  (Only a few representative fields are shown; see Appendix 1 for the complete list of 
information to be included.)  Values in italics are keys; arrows represent relationships between 
fields of different tables.  For simplicity, only one of Tables 2a, 2b, etc., one of Tables 4a, 4b, 
etc., and one of Tables 5a, 5b, etc. are shown. 
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Figure 2: Illustration of Database Schema 
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