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1. INTRODUCTION

The Long Valley Calderalocatedin the easternSierraNevada(California)showsnew signs of volcanic
activity (Langbeinet al,, 1993; Farrar et al., 1995). This renewedactivityis expressedby gas emissions,hydro-
thermal activityand frequentearthquakes.Analysisof the gas compositionregardingthe percentagebiogenic
carbon and the 3He/4He-ratio(Farm et al., 1995)revealedthat the gas sourceis the magmabody approximately7
km beneath the Long Valley CaIdera,The gas from the magmabody surfacesnot only via the fumarolesbut also
emergesalong geologicalfaults. Someof the spots wheregas surfaces, are markedby dead or stressedtrees. Other
spots may not yet be identified. It is only recentlyknown, from researchat’ VulcanoIsland’ in southernItaly, that
volcanoesreleaseabundantcarbondioxide from their flanksas diffusesoil emanations(Baubronet al., 1990).
MammothMountainseemsto behave in a similarmanner. The researchdescribedin this paper is designedto
determinewhetherAVIRIS(AirborneVisible/InfraredImagingSpectrometer)can be used to identifyareas of
volcanicgas emissions.

2* BACKGROUND

The imposition of volcanicgasescan vary largely. The ten most commonvolcanicgas speciesare: HZO,
COZ,SOQ,HC1,HZS,Sz,Hz, CH4,HF, CO, SiF4 (Andres& Rose, 1995; Soreyet al,, 1993; Gerlach& Graeber,
1985). A number of these gases do not have absorptionfeaturesin the spectrumcoveredby AVIRIS(0.4 -2.5
#m) and are consequentlynot suitable to map volcanicgas fluxes. In any case, the volcanicgas emissionsmust be
monitored through the earth’s atmosphere.The atmospherecontainsapproximately30 gases from which several
are also found in volcanicgas emissions.

Two approachescan be followedto map the volcanicfluxesnear Mammoth:
1, To detect volcanicgas speciesnot normallypresent in the atmosphere;
2. To image the abundanceof normallypresent gases to detectspatialanomalies,
The most promising approach to trace the volcanicemissionsis using the followingtwo gases: carbon dioxide
(COZ)and/or methane (CH4)as both gases have absorptionfeaturesin the AVIRISspectralrange. Absorption
features for CO, are found near 1270, 1575, 1610, 1960, 2005 and 2055 run (Pieters& Englert, 1993; Wolfe &
Zissis, 1989). Fairly strong gaseousabsorptionoccurs in the latter two bands. CH4has only absorptionfeatures
near 2350 nm in the AVIRIS spectralrange.

The most promising gas is COZbecause 1) fumarolegas analysishas shown that 90% of the gas is C02 near
Mammoth(Farrar, pers. comm.’; Sorey et al,, 1993), 2) COZis distributedfairlyhomogeneouslythroughout the
atmosphereand 3) field measurementshave shown that the COZflux is large (approximately1200tonnesper day
for the 20 ha, dead tree area) from the flanksof MammothMountain(Farrar et al., 1995).

1 Visiting Scientistfrom: Departmentof PhysicalGeography, UtrechtUniversity,
3508 TC Utreeht, The Netherlands(s.dejong@rw.mu,nl).

Unfortunately,it is not

2 C,D. Far&, personal communication,US GeologicalSurvey, CarnelianBay, CA, 1996.
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Figure 1: Raw Field Spectrum(Averageof Eight Samples)of a Gas Dischargeof a Fumaroleat Hot Creek
Measuredover a White ReferencePlate. SeveralCOZAbsorptionFeatures(1270, 1575, 1610, 2005, 2055nm) are

Visible, no Featureat the CH4position is visible.

known whether this COZflux at Mammothis constantin time. The flux dependsamongother things on magma
activity, barometricpressure and changesin soil moisturecontent.

Someof the problems that play a role in the mappingof volcanicCO, emissionare the temporal, spatialand
verticaldistribution of gases in the atmosphereand the temporal(and spatial)distributionof the volcanicCOZflux,
which is unknown. Researchat ‘VulcanoIsland’ (Italy)has shownthat Fumarolegas compositionvaries largely
over time (Tedesco, 1995)and that the concentrationof CH4in the gas flux might be too small to detectusing
AVIRIS(Sorey et al., 1993). Other problemsare the low-energysolar irradiancein the 2.0- 2.5 pm spectral
region resulting in a low signal-to-noiseratio at the COZabsorptionbands. Furthermore,no sufficientfield data are
availableto verify any mapping results.

3. FIELD SPECTRA

In October 1995 a field campaignwas organizedin the MammothMountainregion to survey dead tree
areas and to collect field spectralmeasurements,Field spectrawere takenusing JPL’s FieldSpecspectrometer
(ASD, 1994). This instrumentcovers the spectralregion from 350 to 2500 nm using three individualspectro-
meters. It samplesevery 2 run and the resolutionvariesbetween 10 and 11run, Togetherwith each set of target
measurementsa white referenceplate and the instrument’sdark current were determined,Multipletarget measure-
ments were averaged to increasethe signal-to-noiseratio, The dark current was subtractedfrom the raw DN
spectralmeasurementsand the white referencemeasurementswereused to convert the raw data to reflectance.
Figure 1 shows a raw spectrum(averageof 8 samples)coveringthe entireAVIRISspectralrange of a fumarole
near Hot Creek in Long Valley Caldera, The raw spectrumshows clear absorptionfeaturesfor water, oxygen and
carbon dioxide. An artifactoccurs near 980 mu due to a switchof the spectrometms.

Figure 2 shows reflectancespectra (1950 -2250 nm) of the gas from the Hot Creek fumaroles.Fum1 and Fum2
are measured over the white target, Fum3 is a gas spectrumtaken towardsthe sun. Each spectrumis an averageof
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Figure 2: ReflectanceField Spectra(1950 -2250 run)of GasDischargesof Three Fumarolesat Hot Creek. Each
Spectrum,Although Noisy, Showsthe CO, AbsorptionFeaturesnear 2000run.

8 measurements.The 2005 COZabsorptionfeaturesare visiblein all three spectraalthoughthe contributionof
noise in the spectra is considerableand a small shift to longer wavelengthsseemsto occur. Methaneabsorption is
not found in any of the field spectra.

4. IMAGE ANALYSIS

Three AVHUSimagesof the Mammothregion were extractedfrom the JPL archive for the following
dates: 21 May 1994, 23 August 1994and 22 June 1995. Radianceimagesand empiricalline correctedimageswere
both used for analysis in this study. Radiancespectraof areas insideand outsidethe suspectedvolcanicgas
emissionsregions were gathered from the August 1994image. Nexta darkestpixel correctionwas applied to these
spectra. Spectra inside the gas emissionregion were expectedto have strongerabsorptionfeaturesin the CO, bands
than spectra sampledoutside this region, The selectedareascomprisetwo areas of rock outcropsat Mammoth
Crest and near Heart Lake, the Fumarolearea at the flank of MammothMountain, the dead tree areanear
HorseshoeLake and the beach of HorseshoeLake. The spectraof the selectedareas werevisually interpretedand
analyzedusing a convex hull transformation.

4.1 Convex Hull Transformation

In order to compare the spectra, they were first normalizedusing a convexhull method (DeJong, 1994:
Green and Graig, 1985; Sedgewick, 1983). The convex-hulltechniqueis analogousto fittinga rubber band over a
spectrumto form a continuum(or hull). The differencebetweenthe hull and original spectrumis subtractedfrom a
constante.g. 1000 to obtain a hull-difference,The advantageof analyzingthe transformeddata is that the depth of
absorption featuresremains constantwith respectto the hull whereasdepth and positionof absorptionfeaturesin
the original spectrumare influencedby the overall shapeand brighmessof the spectrum.After transformationa
feature finding algorithm was applied (Groveet al., 1992)to quantifythe absorptionfeaturesof the spectrain
terms of spectralposition, depth, area and asymmetry.

77



Table 1 and figure 3 show the resultsof the convexhull transformfor the 1900-2500 nm spectralregion. Table 1
and figure 3 show that both the COZabsorptionfeatures(2004 and 2054) are identifiedby the featurefinding
algorithm. For all test areas these two absorptionfeaturesare dominantregardingdepth and area in this spectral
region. However, the swpected emissionareas (areas3 and 4) do not producesignificantstronger COZabsorption
in spite of the fact that the convexhuUalgorithmcorrects for differencesin brighmess.

4.2 CIBR - Algorithm

Several (ratio) algorithmswere appliedto the spectraldomainof the AVIRISimagesto detector enhance
the CO, abso@on. So far, the continuuminterpolatedband ratio (CIBR)algorithm(Carr?re& Conel, 1993)
provides the best results. The CIBRalgorithmuses the ‘shoulders’at either side of the absorptionfeatureto
inteqmlatea radiancecontinuumover the absorptionfeatureof interest. Next, a ratio is computedbetweenthe
absorptionband and the interpolatedcontinuum:

CIBR = B,/ (c,B, + C2B3)

where Bzis the radianceat the absorptionfeatureposition, B, and Bsare the radiancevaluesat the shouldersand c1
and ~ are coefficients,The valuesof c1and %dependon the symmetryof the continuumat either side of the
absorption feature. Completesymmetryresults in c, and Czvaluesof 0.5.

The CIBRalgorithm shows better results i.e. spatialpatterns for the 2003 absorptionfeaturethan for the 2053
feature. The CIBR spatialpattern for the 23 August 1994AVHUSimagesshows severalareasof large CIBR-
values near MammothLakes, near Crater Meadows,near MinaretSummitand north of the MammothMountain
Lodge, Furthermore, all the lakes show large CIBRvalues in a salt and pepperpattern, The lakesmight show up
not because they contain vast amountsof carbon dioxidebut becausethe reflectedradiancenear the 2003 absorp-
tion feature is small. The CIBR algorithmenhancesthe noise when the radiancevaluesare small. In order to verify
the latter theory, the CIBR algorithmwas also appliedto the 760 run oxygenand the 940 and 1140mu (minor)
water absorption bands, which also resultedin a bright salt and pepperpattern for the lakes. The interpretationof
the spatialpattern remainsvery difficultas it displaysclearlythe dead tree areasnor does it present the geologic
pattern of faults, fumarolesor other geologicfeaturesshownon the geologicmap (Huber& Rinehart, 1986).

5. RESULTS

Preliminary results show that spatialpatternsof carbondioxideabsorptioncan be derived from AVIRIS
images. However, it is difficult to separateatmosphericcarbondioxidefrom the diffusecarbon dioxideemanations
from the soil. The soil flux of CO, is not visible in the three selectedAVIRISimagesalthoughthe volumeof the
soil gas flux is considerable.Estimatesof the COZgas flux by Farrar et al. (1995) approximate1200tons/day for
the 20 ha dead tree areas, The reflectedradiancearound the 2003 absorptionfeaturemight be too small (and the
resulting AVHUSspectrumtoo noisy) to reveal the subtlecarbondioxideconcentrationdifferences,Another
explanationmight be that the temporalvariabilityof the COZdoes not coincidewith the three AVIRISdata
acquisitiontimes. The use of methane(CH4)to tracediffuse volcanicgas releaseusing AVIRISwas not possible.
Methaneabsorption features (near 2350 mu) could not be identifiedin the field spectranor in the imagespectra.
The volume of methane in the gas flux is most probably too small. Future work will investigatespatialpatterns in
AVHUSirmigescollectedat other dates and timesand will refinealgorithmsto enhancethe COZabsorptionfeature.
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Figure 3: Resultsof the Conex Hult Transformof SelectedAreas in the 23 August 1994AVIRISScene.
Absorption Features for CO, are Identifiednear 2005 and 2055 nm.

Acknowledgments

The researchdescribedin this paper wascarried out at the Jet PropulsionLaboratory, CaliforniaInstitute
of Technology, and was sponsoredby NetherlandsOrganizationfor ScientificResearch(NWO-Talentprogram).
Mr. D.A. Roberts (Universityof California, SantaBarbara)is acknowledgedfor providing the Prism software.

REFERENCES:

Andres R,J, & W.I. Rose, 1995, RemoteSensingSpectroscopyof VolcanicPlumesand Clouds. In: B. McGuire,
C, Kilbum & J. Murray, MonitoringActiveVolcanoes,UCL Press, London, PP.301-314.

ASD, 1994, FieldSpecFR User’s Guide. AnalyticalSpectralDevicesInc., Boulder, CO.
Baubron J,C., P. Allard & J.P. Toutain, 1990, DiffuseVolcanicEmissionsof Carbon Dioxidefrom Vulcano

Island, Italy. Nature VOI.344,pp.51-53.
Carrere V. & J.E, Conel, 1993, Recoveryof AtmosphericWaterVapor Total ColumnAbundancefrom Imaging

SpectrometerData Around 940 run - SensitivityAnalysisand Applicationto AirborneVisible/Infrared
Imaging Spectrometer(AVIRIS)Data, RemoteSensingof Environment44:179-204.

De Jong S,M,, 1994, Applicationsof ReflectiveRemoteSensingfor Land DegradationStudiesin a Mediterranean
Environment. Netherlands Geographical Studies 177, KNAG Uirecht. 240pp.

Farrar C.D., M,L. Sorey, W.C. Evans, J.F, Howle, B.D. Kerr, B,M, Kennedy, C.Y, King& J.R. Southon,
1995, Forest-KillingDiffuse COZEmissionat MammothMountainas a Sign of magmaticUnrest. Nature
VOL376,pp.675-678.

GerlachT.M, & E.J. Graeber, 1985, VolatileBudgetof KilaueaVolcano.Nature313, pp.273-277.
Green A,A. & M.D. Craig, 1985, Analysisof Aircraft SpectrometerData with LogarithmicResiduals.Proc.

Airborne ltnaging Spectrometer Data Ana$wis Workshop, 8-10 April, JPL-Publication 85-41, Jet Propulsion
Laboratory, Pasadena, CA, pp. 111-119.

79



Grove C.I., S,J, Hook& E.D. Paylor II (1992), LaboratoryReflectanceSpectraof 160Minerals,0.4 to 2.5
Micrometers,JPL-Public. 92-2, Jet Propulsion Laboratory,Pasadena,California,410 pp.

Huber N.K. & C.D. Rinehart, 1986, GeologicMap of the Devil’sPostpileQuadrangle,SierraNevada, California.
Scale 1:62.500. USGS, Denver.

LangbeinJ., D.P. Hill, T.N, Parker& S.K. Wilkinson, 1993, An Episodeof Reinflationof the Long Valley
Caldera, Eastern California: 1989-1991.Journal of GeophysicalResearchVol. 98, pp. 15851-15870.

Pieters C.M. & P.A,J. Englert, 1993, RemoteGeochemicalAnalysis:Elementaland MineralogicalComposition.
CambridgeUniversityPress, New York. 594 pp.

SedgeWickR., 1983, Algorithms. Addison-Wesley,Reading, Massachusetts.
Sorey M.L., B.M. Kennedy, W.C. Evans, C.D. Farrar & G.A. Suemnicht,1993, HeliumIsotopeand Gas

DischargeVariationsAssociatedwith CrustalUnrest in Long VaUeyCaldera, California, 1989-1992.Journal
of GeophysicalResearch,vol. 98, pp. 15871-15899.

TedescoD., 1995, MonitoringFluids and Gasesat ActiveVolcanoes.In: B. McGuire,C. Kilburn& J. Murray,
MonitoringActive Volcanoes.UCL Press, London. PP.315-345.

WolfeW.L. & G.J. Zissis, 1989, The InfraredHandbook. ERIM: EnvironmentalResearchInstituteof Michigan,
Ann Arbor, MI.

80



Table 1. Results of the Feature Search on AVIRIS (23 August 1994 image) Spectra 2.0-2.5 #m.

Wavelength Depth Area Asymmetry
1. Results, Rock Outcrop near Heart Lake:

2.0040 194.6203 - 6.3370
2.0540 83,5510 2.8988
1.9440 77.1451 3.1312
2.1930 33.4868 2.1069
2.3420 31.4441 2.1767
2.3020 30.2106 2.1063

2. Results, Beah of Horseshoe Lake:
2.0040 216.8107 7.1612
2.0540 %,3700 3.4231
1,9440 87.1081 3.6082
2.1930 28.2608 1.9079
2.2630 20.2279 0.7563
2.2830 19.2256 0.7830
2,3720 18.5714 1.1094

0.7637
0.6137
0.8106
1.5353
0.3884
2.5787

0.7576
0.6072
0.8017
1.2454
2.9223
0.3156
2.3487

3, ResulIs, Dead Trees Area near Horseshoe Lake:
2.0040 148,8698 4.9070 0.7591
2.0540 70.6569 3.4368 0.3795
1.9440 61.2487 2.4824 0.7761
2.2930 29.0505 2.2499 1.3394
2.3420 21.1022 1,0482 0.2474
2.1530 12.8426 0.7047 0.4311
4. Results, Horse Shoe LQke Fumarole, McCloud Lake:
2.0040 . 178.2256 5.8844 0.7572
2.0540 78.5885 2.9428 0,5580
1,9540 67,9872 2,7497 2.1012
2.2830 16.2666 1.2004 1.4645
2.4800 13.6296 0.3108 1.5631
2,1930 12,7289 0.7406 1.8204
2.3720 11.7063 0.7021 2.1843

5. Results, Rock Outcrop Near Mammoth Crest:
2.0040 211.6600 6.8818 0.7687
2.0540 92.6647 3.3673 0.5694
1.9540 77.1027 2.9865 1.9977
2.3320 34.9856 “ 4.4646 1,3758
2.1930 21.2710 1.1864 1.7262
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