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CHAPTER 3

Hyperspedral case study 2. Captains Flat (NSW) - Acid Mine
Drainage pollution

3.1Introduction

3.1.1L ocation

The Captains Flat mine workings are situated onthe Molonglo River, approximately 50
kilometres southeast of Canberra in NSW (Figure 3.1). The locaion d the mine is
latitude 35.583%, longitude 149.433E and 889n abowve sea level. Althouwgh the
tailings of this mine were rehabilitated in the mid 1970s, add metal-rich waters
draining from the mine and taili ngs dumps continue to pdlute the river destroying the
elogy and contributing to some padlution d Lake Burley Griffin in Canberra (Dames
& Moore, 1993. Particular minera predpitates are an indicator of the source and
magnitude of the pallution and this gudy is an attempt to use hyperspedral remote-
sensing to locae these minerals.

3.1.2.Study Site

The orebody at Captains Flat consists of massve and dsseminated sulphide and accurs
in anorth-south trending belt of Silurian shale and vdcanics (Glasson and Paine, 1965
Oldershaw, 1965. The orebody is developed stratigraphicdly above arhyolite aysta
tuff and is overlain by a @arse dadtic aysta tuff (Glason and Paine, 1965. The
sulphides consist mainly of pyrite followed by sphalerite, gaena, chalcopyrite,

arsenopyrite, tennantite, and minor gold.

The Captains Flat mining operations commenced in 1882and continued periodicaly
until 1962. The workings were underground with surfaceore processng, smelting and
waste storage faaliti es producing zinc, pyrite, leal, copper, silver and gold. During
mining, mine and mill water containing zinc was regularly discharged into the

Molonglo River and there were threeincidents when taili ngs and slime dams coll apsed
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depositing high concentrations of copper, iron and zinc, into the flooded Molonglo
River. Thisled to the destruction d vegetation along the Molonglo River (Hogg, 1990.
Aqueatic fauna and flora has degraded as a mnsequence of continued add mine drainage
(AMD) pdllution aong the Molonglo River between Captains Flat and Canberra. This
has included the lossof maao-invertebrates and fish (Weaherley, 1967 Norris, 1989.
Remedial works were wmpleted in 1976in order to reduce the risk of increased
palution. Rehabilit ation invalved reshaping the taili ngs dumps and cgpping them with
compaded clay, shale and soil, and sowing gasses and legumes (Craze, 1977. The
pasition d the rehabilit ated dumps are shown in Figure 3.2.
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Figure 3.1. Locaion d Captains Flat (From Dames & Moore, 1993 and the HyMap

survey area
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Figure 3.2. Captains Flat mine site. From Dames and Moore, (1993.
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Ten yeas after the rehabilit ation work, it was foundthat levels of metals, in water and
sediments, including zinc and cadmium (exceealing safe drinking levels) as well as biota
degradation, were similar to pre-rehabilitation levels (Norris, 1986. Moreover,
Jambson and Sparksman (1988 foundthat zinc levels in Molonglo River water were
similar to 1973levels for up to 10km downstream that high zinc concentrations were
found in sediments 40 km downstream. Metas, particularly zinc in water and
sediments, remain a source of palution to Lake Burley Griffin in Canberra (Dames &
Moore, 1993.

The township of Captains Flat is located onthe eatern side of the Molonglo River in
close proximity to the mine site and dumps. Although the Captains Flat workings were
succesgully rehabilit ated in terms of major objedives, the site dealy remains disturbed
and degraded. Thus while the remediation appeas to have reduced the palution,
significant segpages are still produced by the high-presaure head of groundwater in the
mine (Jacbson and Sparksman, 1988 and probably aso in the dumps. Some of the
segpage aeas are shown in Figure 3.3. At the northern end o the quarry (seeFig. 3.2) is
a large discharge of mine water segpage cdled the North Adit Spring. This ring is
considered the primary source of padlution duing dry periods and dscharges within
metres of the Molonglo River (seephao Figure 3.4). Other discharges occur close by,
namely the Explosives Adit, Fradure zone and Pipe Drain (emanating from the
Northern Dumps). Segpages from the southern dumps also contribute to the pallution,
some of it diredly into the town reservoir (seeFigure 3.3, bdatom-right). The pH of the
water can be & low as 2.5 and consistently below 3 from the North Adit spring (Hogg,
1990.

The aeed extent and depth of contaminated sediments in the Molonglo River has never
been acwrately defined and there is uncertainty in defining the @ntribution that re-
mobhili zation o contaminants from sediments makes to the overal padlution d the river
(Dames and Moore, 1993. Thus athough it can be agued that remediation hes reduced
the heary metal |oads in water and sediments lower in the cachment, pdlution in the
upper Molonglo River is gill significant (Hogg, 199Q. Given that it is difficult to stop
the flow of add mine drainage so close to the river, current thinking is that chemicd or
wetland treament of the segpage waters would significantly improve the e®logy of the

river (Dames and Moore, 1993.
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Figure 3.3 Photos of segpage aeas aroundthe mine aea The central image is avisible

band combination from the HyMap data. The ceantral image can be locaed by reference
to the feauresin Figure 3.2.

The aeed extent and depth of contaminated sediments in the Molonglo River has never
been acwrately defined and there is uncertainty in defining the @ntribution that re-
mobhili zation o contaminants from sediments makes to the overal padlution d the river
(Dames and Moore, 1993. Thus athough it can be agued that remediation hes reduced
the heary metal loads in water and sediments lower in the cachment, pdlution in the
upper Molonglo River is gill significant (Hogg, 199Q. Given that it is difficult to stop
the flow of add mine drainage so close to the river, current thinking is that chemicd or
wetland treament of the segpage waters would significantly improve the eology of the
river (Dames and Moore, 1993.
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Figure 3.4. Seegpage of add mine waters at North adit spring. Brown areas in the water

are anorphous Fe-minerals (seetext).

3.1.3Acid minedrainage and mineral associations

Minerals that predpitate from add waters draining from base metal mine workings are
useful targets for remote sensing sincethey indicate the source, extent and condtions of
environmental polution. In this context, the predpitates of interest are iron
oxyhydroxides, oxyhyroxysulfates and sulfates (Schwertmann and Fitzpatrick, 19929.
These minerals are often very fine grained and can be intermixed at a variety of scdes.
A variety of chemicd condtions influence the types of minerals that are predpitated
including the presence of ions, pH and Eh (Fitzpatrick and Self, 1997. During the
wedahering of sulphides, most commonly pyrite, in the mine rocks and spails, Fe(ll)
ions are oxidised to fe(lll) and then hydrolysed to form Fe(lll) oxides and
oxyhydroxides (Schwertmann and Fitzpatrick, 1992. Water draining mine sequences
often contain dsolved Fe(ll) and when strongly add, Fe(lll) ions. Onceformed, Fe(lll)
oxides are generdly stable in an agobic environment. At low pH (<3), microorganisms
asgst the oxidation and formation o Fe(lll) minerals. A paragenetic relationship exists
between the cmmon Fe(lll) beaing minerals in these ewironments: jarosite,
schwertmannite, ferrihydrite and goethite (Bigham et a, 1996. In very add mine

waters (pH < 2.5 jarosite will predpitate and with increasing pH the dominant Fe
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phases will be schwertmannite and ferrihydrite respedively. All three minerals become
metastable with resped to goethite when pH exceals ~ 2, i.e. over much o the range
asciated with mine drainage waters. Predpitate minerals and their formulas are given
in Table 3.1and eat o these ae described in detail below.

Table 3.1 AMD minerds and their formulas.

Ferrihydrite FesHOs.4H,0

Schwertmannite FegOg(OH)gS0O,

Goethite apha FeOOH

Lepidocrocite gamma FeOOH

Hematite aphaFe,0s

Jarosite KFe3(OH)e(SO4)2

Natrojarosite NaFe3(SO4)2(OH)e

Hydronium jarosite  (K,H30)Fe3(S04)2(OH)e
Gypsum CaS0,4.2H,0

Copiapite Fe*?(Fe*)4(S04)6(OH)2#20H,0

3.1.3.1Ferrihydrite

Ferrihydrite is probably the most important mineral predpitate in an add mine drainage
environment because of it’s cgpadty for adsorption d heavy metals (Schwertmann and
Fitzpatrick, 1992 Jambor and Dutrizac, 1998 due to the large surface aea It forms by
the rapid oxidation and hydrolysis of containing-waters suddenly appeaing at the
surface Ferrihydrite is a reddish-brown, poaly crystalline mineral - the formula and
structure of which are not incontrovertibly resolved (Jambor and Dutrizac, 1999.
Where newly formed, ferrihydrite consists of gel-like depaosits that after drying forms
yellow-brown ochres (Chukhrov et al, 1974. Formation d ferrihydrite rather than
goethite from drainage waters is favoured by higher rates of oxidation, concentration o
nuclei and higher sulfate to Fe ratios (Brady et al, 1986. The pH range for stability is
from abou 5 to 9and it can dsplay arangein structure that gives XRD patterns varying
from 6-line (best crystalline) to 2line (worst crystalline) (Eggeton and Fitzpatrick,
1988. Very fine grained (amorphots) ferrihydrite is prepared in the laboratory by the
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rapid oxidation d Fe(ll) solutions, or by the rapid reutralisation o Fe(lll) solutions.
More aystaline forms can form by the hydrolysis of Fe(lll) solutions at elevated
temperatures and low pH. Being unstable, it eventualy transforms to goethite or
hematite via adissolution-reaystalli zation processathouwgh it is unclea how long this
takes under normal environmental condtions. Ferrihydrite is often olserved in recent
sediments asociated with lakes, rivers and groundwvater (Jambor and Dutrizag 1998
Fitzpatrick et al, 1997%.

3.1.3.2 Jaosite

Jarosite forms under very addic condtions (pH < 2.5 in the presence of sulfate ions
(Schwertmann and Fitzpatrick, 1992. There is a solid solution series between jarosite
(K-rich), natrojarosite (Narich), hydronium jarosite (HzO-form) and NH4 jarosite.
Although there is a preference for the K-form, natrojarosite has also been olserved in
add-mine drainage environments (Brady et al, 1986. Jarosite forms yellow depasits in
mine drainage or mine spails and it may be stable up to a pH of abou 4 (Van Breemen,
1988. If the pH increases or the sulfate deaeases, jarosite becomes unstable and the
complete hydrolysis of Fe** ions often results in the formation o ferrihydrite or
goethite.

3.1.3.3Schwertmannite

Schwertmannite is a common mine drainage material (Fitzpatrick and Self, 1997
Bigham et a, 1996 Swayze d al, 1996 Schwertmann et al, 1999 that forms in aad
condtions (pH 2.8—-4.5 and hgh sulfate cncentrations. Like ferrihydrite, it isa poaly
crystali ne, yellowish brown mineral with a fibrous morphdogy. It forms in pace of
ferrihydrite where the waters are acd. For solutions at pH 4.5-6.5, pedpitates may be a
mixture of schwertmannite, ferrihydrite and goethite (Bigham et a, 1996.
Schwertmannite in water may transform to goethite within days of predpitation
although complete transformation may take over 500 days (Bigham et al, 1999.

3.1.3.4Goethite
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Although present, often in abundance, in add mine drainage from the breakdown of
sulfides, goethite and hematite ae dso commonly found as weahering products of
silicae mineras in rocks and soils. In AMD, goethite, yellow-brown in colour, forms
where oxidation is dow enough to alow crystal growth from solution and it may also
form by transformation from ferrihydrite (Schwertmann, 1983 and jarosite
(Schwertmann and Fitzpatrick, 1992. Goethite is dable &owve pH = 4 (van Breeman,
1988. In the transformation from ferrihydrite, goethite forms from solution, i.e., after
dislution d ferrihydrite (Schwertmann, 198§. Thisisin preferenceto hematite where
the adivity of water is higher and temperatures are lower (seehematite below).

3.1.3.5L epidocrocite

Lepidocrocite is typicdly bright orange and dten forms asociations with its poymorph
goethite. It is often foundin soils as a result of reduction d Fe-oxides ils due to O,
deficiency and subsequent re-oxidation (Schwertmann, 1988. It has also been olserved
in AMD materias (Jambor and Dutrizac, 1998). Lower carborate ions in solution favor
lepidocrocite over goethite formation.

3.1.3.6Hematite

Hematite forms by dehydration and structural rearangement of ferrihydrite which is
considered a necessary preaursor. It is red-coloured and fadors that induce hematite
formationin placeof goethite ae low water adivity, higher temperature, low humidity,
high rate of Fe release from rocks and low organic matter concentrations. Hematite is
often the dominant Fe-oxide in well-drained, dyer soils (Schwertmann, 1988§.
Experimental evidence suggests that at neutral pH, hematite will form from ferrihydrite
whereas goethite develops at add and alkaline @ndtions (Schwertmann and Murad,
1983.

3.1.3.7Gypsum

A hydrated cdcium sulfate, gypsum is dable in moderately add condtions, pH 4-6.5,
but not in reducing condtions (Brookins, 1989. It is generaly formed by evaporation
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of waters containing cacium sulfate, but it also formed by the adion d sulfuric acd
solution oncdcium beaing minerals (Deea et a, 1992 Gypsum is rarely described in
add-mine drainage studies although experimental studies $iow that in the presence of
CaCl, solutions, large anourts of gypsum will form with increasing pyrite oxidation
(Ludwig et a, 1999.

3.1.3.80ther sulfates

Other soluble metal sulfate sdts gsich as melanterite, chalcanthite, coqumbite,
rhomboclase, vdltaite, copiapite, and ralotrichite have been identified in add mine
drainage, and some of these ae forming from negative-pH mine waters (Nordstrom and
Alpers, 1999. Soluble Fe-oxyhydroxysulphates such as copiapite ae atemporary store
of contaminant metals, bu are dislved duing periods of high rainfal or floodng,

releasing contaminants to the aqueous g/stem.

3.1.4Known Spedral features of AMD materials.

| lerritrgetriie

1 gosthite

| lepidocrocite

1 schwertfeynth
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Figure 3.5. VNIR and SWIR spedra for iron mineras associated with add mine
drainage. All spedra ae from the USGS spedral library apart from schwertmannite
(Gregg Swayze, pers. com.)
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The iron mineras in Figure 3.5 al show alow broad absorption in the visible (0.4-0.7
pum) due to eledron transfer between ferric and axygen ions (Hunt and Ashley, 1979.
Crystal field transitions are resporsible for the spedral variations between 0.45and 0.95
um. These vary acording to the aystal structure of the different minerals. In general,
the position d the band rea 0.85 um is an indicaor of the presence of hematite. The
broad water fedures at 1.4 and 1.9 um in the ferrihydrite spedrum indicae water

moleaules occupying unardered sites (Hunt, 1977%).

In AMD, unaidized pyrite is smetimes present but ladks gedral feaures (Figure 3.6).
Sulfates formed as part of the weahering process however, have significantly different
spedra. Jarosite has a dharaderistic sharp absorption at 0.43 um and a broad absorption
a 0.9 um due to ferric ion transition (Hunt and Ashley, 1979. Both jarosite and
gypsum aso have fedures due to OH vibrational overtones in the 2.2 — 2.3 um range.
Gypsum aso shows water absorption fedures nea 0.99, 1.2, 1.45, 1.493..539, 1.75
and 1.948um making this mineral spedrally distinctive. Copiapite shows ferric iron
feauresin the VNIR but aso low refledancein the SWIR due to a high water content.

sulfides, sulfates
T T T I T T

T | T T T |
copiopite

jarosite
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Figure 3.6 VNIR and SWIR spedra for sulfur minerals associated with add mine
drainage. All spedra ae from the USGS spedral li brary.
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3.1.5Previous remote sensing work on acid-mine drainage

Airborne imaging spedroscopy is established as a tod for mine waste evauation
athough mainly in the USA (Dalton et a, 200Q Swayze d a, 1996 Swayze 4 4,
2000. Most of this work has been caried ou by the USGS and employs the AVIRIS
hyperspedral instrument to map mine waste materials. Images derived from the data
using a band mapping technique known as the “tetracorder” algorithm (Clark et a,
19900 have been demonstrated to map pyrite- weahering products: jarosite, goethite
and hematite (dired spedra detedion d pyrite is hampered by its low refledance
level). In particular, jarosite zones are sources of toxic metal mohility and are locaions
of add generation. Jarosite may be asociated with efflorescent iron-sulfate salts such as
melanterite and copiapite (Swayze d a, 200Q. These zones are surrounced by lessaad
goethite-rich areas. Hematite may occur within goethite zones. Swayze @ a (2000
recognize ferrihydrite and schwertmannite a mine-waste materials but dorn't map them
since they clam that goethite dominates fedrally. One eplanation is that the
“tetracorder” algorithm they use canna discriminate these materials due to its method
of analysing feaure position and degpth. The gproadh used in their method d
separating the spedrum into two regions and analysing them separately may also reduce

its eff ediveness

3.1.6Hyperspedral image acquisition

At the beginning of the projed, orly one arborne hyperspedral dataset existed at
Captains Flat. Thiswas an HyMap 128band data-set, covering the 0.42-2.48 um range
(see Appendix 1) and colleded over Captains Flat on 16804/1999 a 5 metre pixel
resolution. The full flight strip covers approximately 16 km by 60 m. This data-set had
been aqquired by Hyvista Corporation as an evaluation exercise for the gplicaion o
hyperspedral data to monitor add-mine drainage pallution. One problem with this data
was a strong shadow comporent due to the survey time (3.41 pm) in April with alow
solar elevation angle in an areaof steg topagraphy. From the survey time, the solar
azimuth was cdculated to be 300.3 agrees and the solar elevation was 21.4 dgrees.
The dfed of this problem on minera identification processng, together with a means
to corred for these ill umination effeds, is discussd in sedion 3.3.1.1.
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A seoond oppotunistic aquisition d HyMap was conduwcted on 31032001 at 3 metre
pixel resolution. The aguisition time was 1.30pm and, compared with the first survey,
the more northerly solar azimuth (329.4 agrees) and larger solar elevation angle (45.7
degrees) meant that topagraphy eff eds were much reduced. Also, this time there was an
oppatunity to lay out homogeneous targets for radiometric cdibration. Further detail s

of the sesoondsurvey and the cdibration targets are discussed in Sedion 3.3.2.

3.2Field sampling and analysis—results.

Field investigations invaved colledion d 34 ASD field spedra and 50Unispec(VNIR)
spedra of seleded mineral predpitates, rocks, water, vegetation, shade and invariant
targets. Samples of add mine drainage predpitates were olleded from known segpage
areas - sample locations are shown in Figure A2.1. Further laboratory studies, including
XRD analyses, eledron microprobe and ASD spedral anayses, were mnducted on
seleded samplesto determine mineralogy and \erify spedral results.

Table 3.2. Comparison d mineral identificaions from XRD and VNIR-SWIR spedra
(ASD) for AMD materiasin the Captains Flat area The field locations of these samples
areshownin Figure A2.1

Sample
No XRD ID ASD spedral ID
CF22 |gypsum, goethite, amorphous Fe-mineral algaewater, gypsum(??)

CF29 |Gypsum, goethite, natrojarosite, minor quartz  |goethite, gypsum(??)

Fe-mineral, algag water,

CF33 [amorphows Fe-mineral, minor quartz gypsum(??%
CF40 |gypsum, goethite, minor quartz goethite, gypsum
jarosite.hydronian.syn, minor gypsum, quartzlgypsum, goethite ,
CF42 |and goethite jarosite(?)
amorphows Fe-mineral, minor quartz, trace
CF44  |gypsum Fe-mineral, water
CF47 |amorphows Fe-mineral, minor quartz Fe-mineral, water

CF47.1 |amorphows Fe-mineral (schwertmannite),minor{Fe-mineral, water
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quartz, ?
CF50 |gypsum, minor jarosite, minor quartz gypsum, jarosite
CF50.1 |gypsum, minor jarosite, minor quartz gypsum, jarosite

natrojarosite, quartz, minor gypsum, minor

CF51 |goethite, minor abite jarosite

CF61 |minor gypsum, goethite and quartz agae water

schwertmannite, minor

CF84 |schwertmannite, quartz, minor goethite goethite

schwertmannite, minor

CF85 |schwertmannite, quartz, minor goethite goethite

schwertmannite, minor

CF86 [schwertmannite, quartz, minor muscovite goethite

CF87 |schwertmannite, quartz schwertmannite

schwertmannite, minor

CF88 |schwertmannite, quartz, muscovite, gypsum goethite

muscovite, algae Fe-

CF89 |quartz, muscovite, ? mineral

A sdledion d sample site data for AMD mineras are shown in Table 3.2 and these ae
discus=d in detail i n the foll owing sedions. ASD spedrometer data were a @mbination
of field (samples CF22—-61) and laboratory (samples CF84—89 measurements.

3.2.1Amorphous Fe-minerals — Schwertmannite, Ferrihydrite

Amorphous (poaly crystalli ne) Fe-minerals are a ©@mmon predpitate in the acd waters
draining the Captains Flat mine aea The minera occurs as a fluffy, brownish-yell ow
material. Figure 3.7 shows ASD field spedrafor sites 33, 44and 47 (all colleded from
North Adit Spring) and compares these spedra to a laboratory spedrum for ferrihydrite
(USGS library) and a spedrum obtained from air-dried material (CF 47). Identificaion
of the mineral spedes for the Fe-predpitate is difficult using the spedra for aad-mine
drainage minerals in Figure 3.5. It is known that amorphows Fe-predpitates in mine
drainages are ather Schwertmannite or Ferrihydrite or a mixture of these minerals

(Bigham et al, 1996 and that the spedra of these minerals are similar (seeFigure 3.5).
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At Captains Flat, these materials appea to only be present in water. This complicaes
spedral identification d Schwertmannite and Ferrihydrite since many of the feduresin
the field spedra for CF33, 44 and 47 are water absorptions at 0.97 and 1.158um.
However, the refledance peek at 0.74um corresponds to the Schwertmannite laboratory
spedrum whereas Ferrihydrite has this fedure & 0.785um.
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Figure 3.7. Field spedra of amorphots Fe-minerals and acaompanying phaographs at
right. The blue spedral curve for ferrihydriteis from the USGS spedral li brary.

Figure 3.8 shows an XRD tracefor sample CF 47.1, an ocherous, amorphous iron-rich
predpitate sampled from the bottom of the stream flowing from the North Adit.
Anaysis was condwted quckly after colledion to minimize mineral transformation die
to the unstable nature of the material. This sample was air-dried for 4 hous and
measured for an extended time (14 hous) so that a wherent XRD trace ould be
obtained. Earlier attempts using very moist material and a measurement time of 1.5
hous produced nasy XRD traces (Table 3.2 samples CF33, 44and 47). These broad
feaures in the XRD tracefor CF47.1 (Figure 3.8) indicae poa crystallinity. These
broad pe&ks closely resemble schwertmannite feaures (Bigham et a, 1996 Childs et
al,1998 Bigham et a, 1994. Known schwertmannite peks are indicated with pasition
on Figure 3.8. Severa sharp pedks that are dso present are due to the presence of a
minor amourt of quartz in the sample & judged by the d spadng values (e.g. the pe&k at
a 20 of 599. The asg/metry of the pe&k at d=0.256 and the pattern between here and
d=0.15 resembles 6-line ferrihydrite (Jambor and Dutrizac 1998 Eggeton and
Fitzpatrick, 1988 athough the broad pees are dso consistent with schwertmannite
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(Bigham et a, 1994 Childs et a, 1998. The pe&ks at 0.34 and 0.50 indicae
schwertmannite dthouwgh the exad position d the feaure nea 0.50 dgpends on sulfate
concentration. A value of d= 0.486is charaderistic of pure schwertmannite (Bigham et
al, 1990, i.e. increased sulfate, and given the position at 0.50, it is likely that sample
CF47 is a mixture of schwertmannite and ferrihydrite, with the former probably
dominating. To resolve thisisaie, a number of samples were lleded from amorphous
Fe preapitates at the North Adit spring (CF84 — 88) and from bottom sediment from
10km downstream of the mine (CF 89). These were analysed in the laboratory with (1)
Eledron microprobe (to find element concentrations) and (2) Visible to SWIR
spedroscopy (ASD). The sulphate mncentration for the Fe-predpitates (Table 3.3
ranges from 12.89to 13.46% which is effedively in the range of pure schwertmannite ;
13-15% SO3 (Childs et al, 1998,Yu et a, 1999. The dedron microprobe results for
sample CF89 are interesting in that a high level of toxic Zinc (1.22% ZnO) is recorded

in sediment 10 km downstrean from the mine

Counts 0256

Degrees £ theta

Figure 3.8. XRD trace for sample 47.1, an amorphows Fe-predpitate in water;
schwertmannite + ferrihydrite? + quartz. Numbers are d spadngs assgned to pegks

asciated with schwertmannite.
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Table 3.3 Eledron Microprobe analyses of AMD predpitates

Sample |CF84 CF85 CF86 CF87 CF89
Amorphows |Amorphows |Amorphows |Amorphots |River sed

Type Fe-oxide [Fe-oxide |Fe-oxide [Fe-oxide |downstrean
Sio2 0.23 0.22 0.35 0.38 74.96
Al,O3 -0.01 0.08 0.22 0.07 4.895

FeO 64.19 62.76 56.86 60.59 2.555
MnO -0.03 -0.14 -0.06 0.08 0.47

MgO -0.04 0.11 0.06 0.01 0.425

CaOo 0.09 0.11 0.02 0.05 0.23

Na,O -0.43 -0.45 -0.44 -0.47 0.23

K20 0.03 0.14 0.04 0 0.885

SO3 13.11 13.46 13.29 12.89 0.255

CuO 0.09 0.18 -0.16 -0.06 0.09

Zn0O 0.03 -0.13 0.09 -0.17 1.22

Total 77.27 76.36 70.28 73.38 86.22

Similar spedral fedures were observed for schwertmannite samples CF 84 — 88. Figure
3.9 shows <hwertmannite samples CF84 and 87 compared to the library spedra for
ferrihydrite (USGS spedral library) and schwertmannite synthesized by Gerry Bigham
(Swayze, pers com.). For al the samples identified by XRD and microprobe &
schwertmannite (CF84-88), the refledance ped at 0.74 um is consistent in pasition. A
small absorption shouder can be seen at 0.67 um due to the presence of minor goethite
(seeTable 3.2) can be seen in the spedrum for CF84. The goethite present in bah the
XRD sample and the spedral sample may have been produced by transformation d
schwertmannite in the gproximately 24 hou period between colledion and
measurements. These spedra may be useful for laboratory identificaion o
schwertmannite but are unlikely to be relevant to field spedra since this minera is

generally mixed with water as hown by the spedrum for CF47.
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Figure 3.9 VNIR-SWIR spedra, oltained with the ASD spedrometer, for
schwertmannite samples at Captains Flat compared with library spedra of amorphows
Fe-predpitates. The refledance pe&k nea 0.74um is present in al samplesidentified as

containing schwertmannite.

Sample analysis using XRD, eledron microprobe and spedral refledance has identified
much of the anorphous Fe-predpitates in the mine-draining waters as shwertmannite.
The presence of this minera indicaes highly addic and toxic waters (see sedion
3.1.3.3. The mixed water and schwertmannite signature is therefore a target for

hyperspedral remote sensing.

3.2.2 Jaosite, gypsum

In the Captain’s Flat areg jarosite forms yell ow deposits in mine drainage and exposed
mine spails and it’ s presence indicates a surfacepH lessthan 4 (Van Breanen, 198§. It
is commonly found with gypsum that has formed as a by-product of the oxidation o
pyrite. Figure 3.10 shows field spedra of gypsum and jarosite rich samples stes
compared with a library spedrum for jarosite. CF50 shows a nealy pure gypsum
spedrum (cf. Figure 3.6). Jarosite is present in significant quantities in CF42 and CF51
as determined by XRD analysis (Table 3.2). According to XRD trace aalysis, the
compasition d CF51 was best matched to natrojarosite (see Table 3.1) whereas CF42
matched better to hydronium jarosite. In the spedra for both samples (Figure 3.10), the
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high refledance @ 0.71pm and the broad Fe** absorption feaure centred at 0.9 pm due
to jarosite ae present. While the narrow 0.44 um jarosite fedure is present clealy in
CF51 and CF50, it is only a we&k shouder in CF42. Feaures due to gypsum are dso
observed in these spedra, particularly the presence of the diagnostic asorptionat 1.75
um. It appeas that an increase in jarosite concentration in CF51 causes the refledance
pe&k to be & a dlightly longer wavelength at 1.34 um. Mixtures between jarosite and
gypsum will produce arefledance high in this wavelength area ad the shape will
depend onthe relative mix. Gypsum has a deaeasing refledance in this region with

increasing wavelength whereas for jarosite, the trend is the reverse.
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Figure 3.10. Spedra of some samples from Captains Flat containing jarosite (yell ow-
brown in phdograph) and gypsum (white).

3.2.3Goethite, black algae

Extensive aeas of goethite ae likely to have formed by transformation d jarosite,
given the unstable nature of the latter mineral. CF29 and CF40 are moist areas of
dlightly exposed gypsum crystals mixed with goethite and their field spedra ae shown
in Figure 3.11. Jarosite is gill present in CF29 and athough identified by XRD (see
Table 3.2), the only spedra evidence for jarosite in CF29 is a dlightly longer
wavelength peg at 1.30 um. Both spedra have feaures between 0.4and 0.95um that
correspond to the lab spedrum of goethite (cf. Figure 3.5 and this is confirmed by
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XRD. Again gypsum fedures are observed with absorption at 1.75um and arefledance
highat 1.291pum.
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Figure 3.11. ASD spedra of some samples from Captains Flat containing a goethite
and gypsum mixture (CF29 and CF40), algae(CF61) and amix of all of these (CF22).

A common fedure in mine drainages is a gelatinous dark coloured algae identified as
Chlorophyceae(Green Algae — Oedogonium (C. Young, pers com). The spedrum for
this material (CF61) is dhown in Figure 3.11. In the XRD, only smal amourts of
gypsum, goethite and quartz were foundin this smple. The ASD spedrum shows a
very dark visible resporse with aimost no green comporent. A chlorophyll absorption
fedure or “red edge” is present at 0.67 um while water absorption feaures are present
at 0.976um and 1.156and the sample dsorbs amost totally after abou 1.4 um. CF22
is an area of “crystaline soup’ and represents a mixture of al the d@&ove materias.
Again the water feaure a 0.97 um obscures the position d the ferric iron feaure. The
refledance pe&k at 0.78 um appeas to indicate the presence of ferrihydrite rather than

schwertmannite although the XRD analysisindicaes only the presenceof either.
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3.2.4Materialsin water

As mentioned before, the presence of water feaures in spedra may complicae the
detedion d materials like schwertmannite or ferrihydrite when they occur in streams.
The question is whether there ae spedra differences between them and adinary
sediments in shall ow water. Figure 3.12shows a number of spedra of materials under a

layer of water.
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Figure 3.12. Spedra of materials obtained in the field urder a layer of river water.
Spedrat39, t40 and t44 were measured with the VNIR Unispec spedrometer. CF69 and

CF47 were measured with the ASD instrument. Approximate water depths are in
bradets.

The Unispecdatafor t39, t40 and t44 are quite noisy and were dl measured abou 10km
downstream from the mine. Sample t39 and t40 were both from areas where the strean
bottom was coated with a layer of sediment, largely mud, aganic matter and Fe
predpitate, the latter has presumably has come from the mine. These two signatures are
similar in the visible to a site (t44) where the strean bottom was rocks with no Fe
coating. The increased refledance of t40 in the NIR is due to shallower water and all
three Unispec spedra have a @lorophyll fedure due to algaeat 0.67 um. These spedra
and the spedrum for a milky white preapitate in 1cm of water have awater absorption
at 0.74 um and a shouder at 0.83 um. The white material was nat identified by XRD
although fine-particle separates have not been analysed as yet. The water feaures are
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not present in the spedrum for AMD material (CF47) apparently due to high refledance
of schwertmannite & 0.74— 0.78um. It appeas that fresh mine predpitates close to the

source ae spedraly distinct in the NIR from normal sediments in water.

3.2.5Shade dfeds

Figure 3.13 shows the dfeds of shielding surfaces from dired sunlight. This smulates
the dfed to the scanner when pixels are in nea shade (i.e. illumination is <atered
radiation orly). This is a particular problem for the initial Captain’s Flat HyMap data
set. These experiments were conducted in a deaing in an open woodand area and bdh
the spedralon standard and a pieceof pine board were measured in dred sunlight and
the total shade of a 2m x 2m shed of bladk plastic. We would exped that incoming
scatered radiation would be strongest in visible blue light (0.45 um) and deaeasing
gradually to longer wavelengths (due to scatering by atmospheric moleaules) as is
observed for the shaded spedraon in the short wavelengths. However the shade data in
Figure 3.13 adso show the strong influence of radiation scatering from surroundng
vegetation as e by the wedk absorption fedure & 0.69 um. The radiation in the
visible (0.4-0.7 um) is also lower than expeded duwe to the vegetation influence This
demonstrates that corredion for shade in image data is not as Smple & correding for
the relative propations of diffuse skylight and dred solar radiation based on an

ill umination angle.
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Figure 3.13. Effeds of shade. Aerosol scatering increases as wavelength deaeases
toward 0.4um asindicaed by therising trend d the spedralon standard in shade.
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3.3Hyperspedral Image analysis

3.3.1First HyMap survey

Asdiscus=d in 3.1.6,two HyMap surveys were flown abou 2 yeas apart. Prior to the
second survey, the author believed there might only be one survey data-set to work on.
This influenced the processng strategy in that the data needed to be crreded for
topagraphic shading effeds and thisis discussed below.

3.3.2 Seoond HyMap survey

When the second survey was flown, orly the preliminary analysis had been undertaken
on the first survey data. The topographic corredion hed improved the results but there
were still mgjor problems due to the low signal in shade-affeded pixels. For analysis of
the SWIR bands for minerals like jarosite (see Figure 3.4), the signal was very low and
in some aeas there was no data. So when the new survey data was clealy superior in
terms of radiometric resolution, it was dedded to focus on this soond dita-set for

developing surface omponrent themes.

For the new HyMap survey, data were olleded in 128 lands from 438to 2496 mn (see
Appendix 1) at an improved 3 metre pixel resolution. Also by this time, Hyvista
Corporation, the operator of HyMap had developed a geometric corredion kased on
pitch, roll and heading values acquired on bard the arcraft. This was applied to the
data using ENVI software geo-corredion toadls. This time, it was passble to be on the
ground duing data aquisition and it was dedded to lay down some uniform material to

ad as cdibration targets.

3.3.2.1Calibration targets

The materials used as cdibration targets were light-orange and Hadk-plastic buil ding
sheds. These were deamed to be uniform in colour and pradicd in that they could be
eaily rolled ou and maintained. The two coloured plastic sheds were lad ou in
adjacent 10 metre squares in an open field areaon top d the south dump so as to avoid
the dfeds of badkgroundrefledance The locaion d the shedsis siown onthe HyMap

image in Figure 3.23 Asit was, the sheds were in the field for two weeks as we waited
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for suitable weaher and logisticad conditions to fly the survey. Just prior to the adual
survey, they were deaned and flattened.

Figure 3.23 HyMap band combination equivalent of Landsat TM bands 1,4 and 7 as
RGB showing the locaion d cdibration targets on the south dump. The image is 1.5

km aaoss

3.3.2.2Calibration to Apparent Refledance

The HyMap data were initialy correded to refledance using the HyCorr program (see
sedion 2.2.3. This was dore prior to any attempt to cdibrate to groundtargets snce
HyCorr uses ATREM to corred for atmospheric gases in ead pixel indvidualy.
Cdlibration to groundtargets assumes that there ae gain and df set effeds that influence
eat pixel in the same way. Therefore awy varying effeds, e.g. due to atmosphere,
shoud be removed first.

HyCorr refledance values were averaged for the two pixels at the centre of the ground
targets $rown in Figure 3.23. These ae presented in Figure 3.24 together with ground
spedrometer measurements of the two types of plastic shed. The ASD spedra for the
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plastic was provided by Guy Byrne (pers. com.) and were measured outside (under solar
illumination) at the CSIRO laboratories. The cdibrated airborne data wmpares very
well with the ASD spedrafor both bright and dark targets. Thisindicaes that HyCorr is

working well in producing redi stic refledance spedra.
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Figure 3.24. HyMap pixe refledance for orange and Hadk plastic ground targets
compared with Fieldspec ASD spedra of the plastic. ASD measurements from Byrne
(pers. com.) — CSIRO Land and Water

The ASD curve for the orange plastic (red in Figure 3.24) is naisy in the very low
refledance aea & wavelengths greaer than 2.27 um suggesting this materia is
unsuitable for cdibration d these wavelengths. It was important to determine whether
the target refledance information could be used to improve the refledance cdibration
or whether the ATREM/EFFORT procedure (HyCorr) was adequate & Figure 3.24

suggests.

3.3.2.3Refledance Calibration Using Ground Tar gets.

The spedra in Figure 3.24 were used to cdculate again and dfset for eat band that
would conwvert the HyMap apparent refledance to the ground spedrometer spedra of
the plastic targets. These gain and dfset values are shown in Figure 3.25and were then

applied in alinea corredionto all pixelsto produce anew refledance data-set.
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Figure 3.25.(a) Gain and (b) off set values for eat band that would convert the HyMap
apparent refledance of cdibration targets to the groundspedra.

The gain values are generally greder than 1 dwe to the ASD measurement of the
refledance of the orange plastic being higher than the arborne HyMap signature (see
Figure 3.24). The lower HyMap refledance ®uld be partly due to the influence of
badground refledance, most of which would be from darker vegetation and this is
suppated by the presence in the gain values, of inverted vegetation feaures at 0.54um
and 0.68um. The gain spedrum is very naisy in the 2.25— 2.5 um region as aresult of
the noise in the ASD. The offset spedrum shows an increase towards short visible
wavelengths, suggesting that there has been an ower-corredion for atmospheric
scatering in the visible wavelengths by the ATREM routine. There gpeas to be a
similar effed masked partly by noise in the SWIR end d the spedrum athouwgh the
cause is unclea. Similar effeds were dso olserved in the Pilbara HyMap data (see
sedion 2.51). Of greder concern is a significant step in the offset data is observed at
0.877um. This highlights a problem in the HyMap data due to a mis-match of radiance
data between detedors.

3.3.2.4Detedor mis-match problemsin HyMap data and corrections

The detedor mis-match between the VNIR and NIR HyMap modues was discovered
by the aithor and in conjunction with Hyvista Corporation, it was foundthat the mis-
match was due to an error in the processng software designed to match the detedors (P.

Cocks, pers. com.). This error has now been correded bu had resulted in the
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distribution of lesser quality HyMap datafrom at least March, 2001to September, 2001.
In some pixels the problem creaes an artificia fedure (see Figure 3.26 that could

severely affed the data-analysis.
{eourl_hycorr
l=fooz
0.25F .

Reflectonce

1, 1.5 | .0
Wovelength ?mIEI"GHS

Figure 3.26. Signatures of the ashphalt basketball court from HyCorr correded HyMap
data and FieldSpec ASD (cf003). Note the detedor mis-match fedure & 0.877um.
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Figure 3.27.Comparison d refledance orredions; HyCorr (blad) and target Gain and
Offset (red) cdibrations, versus field spedra (blue) for (a) a bare day area and (b) the

green grassof thetown oval.

After discovering the detedor mis-match, the radiance data were crreded by using a
gain fador that forced the overlap band (0.874 um, see Appendixl) from the NIR
modue to match the VNIR modue. The HyCorr atmospheric program was then re-run
and again gain and dfsets were found wsing the groundcdibration targets. Figure 3.27
shows the results of the gain and dfset corredion for (a) an expased clay-rich road
turning areajust south o the south tailings dump and (b) an areaof green grasson an
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oval in the town. The dfeds of the noise of the cdibration target spedrain the SWIR
are obvious in the day spedrum (red in Figure 3.27a) and a sharp feaure from the
orange plastic spedrum at abou 1.73 um has been introduced. Clealy the presence of
sharp feaures and low refledancein the SWIR makes the orange plastic unsuitable & a
cdibration target for the whole spedrum. In the vegetation spedra (Figure 3.270 the
visible spedrum has a better shape dthough the high NIR refledance has been
dampened.

The gain and dfset corredion may have slightly improved the VNIR, bu in general the
refledance cdibration wsing the groundtargets was nat successul. This was largely due
the use of inappropriate materials, i.e. the low SWIR refledance and the presence of
sharp absorptions in the orange plastic. Also there were badkgroundrefledance dfeds
on the targets in the image data. Unfortunately, ided natural or artificial homogeneous
and invariant targets that ladked spedral feaures could na be foundin the Captains Flat
scene. Nevertheless the use of groundtargets of known refledance provided evidence
that the HyCorr refledance @rredionwas adequate (seeFigure 3.24).

3.3.2.5HyMap mapping of surface AMD components

Two main processng strategies were tested for the processng of the HyMap (Data-set
2) into mineral abundance maps. unmixing using image end-members and, urmixing
using reference laboratory and field spedra as end-members. Image end-members often
work better (Kruse, pers. com.) becaise they are more dosely aligned with the data
cloud.However there is a problem in that pure pixelsdorit redly exist so that unmixing
results do nd target red comporents. Moreover, in the Captains Flat (Data-set 2) scene,
many of the purest pixels found ly PR technique (see sedion 2.2.4 are man-made
objeds auch as buildings and roofs. Materials such as shwertmannite and jarosite were
not foundwith this method since they occupy small areas and are generally sub-pixel in

extent.

For the image end-member approach, a pixel signature for wet schwertmannite (Figure
3.28) was locaed in the North Spring adit areg where dl the analyzed schwertmannite
samples were olleded. For jarosite and goethite, image end-members were seleded
from the highest abundance results obtained from the MTMF method (see sedion 2.9
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using USGS spedra for these minerals as end-members. This means of finding image
end-members asumes that the laboratory end-members can be used to oltain redistic
unmixing results at least in the high abundance values. The same method was use to
colled the hematite image end-member although constrained in areato the hematite-
rich zone (verified by laboratory ASD spedrometry) that was used for concentrate
storage and loading (see Figure 3.2). The spedra for image end-members and
laboratory/field end- members of the target materialsis snown in Figure 3.28.

For the image end-members (Figure 3.28), the jarosite, goethite and hematite spedra ae
mixtures with clay or micashown by a strong 2.2 um feaure and look to be dso mixed
with eat ather. These three spedra dl resemble felsic volcanic rock-type signatures
with their varying concentrations of the minerals generaly controlled by surface
wedahering effeds. The schwertmannite spedrum (Figure 3.283) looks more pure (see
Figure 3.5) but still appeasto be mixed with surroundng material. These spedraredly
emphasise the difficulty of finding genuinely pure pixelsfor AMD materials.

s Image end—members Lab/field end—members
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Figure 3.28(a) Image end-members versus (b) laboratory/ field end-members for AMD
target materials. Apart from schwertmannite, the spedra in (b) are from the USGS

spedra library.

The MTMF procedure was used to test both image and reference end-members (shown
in Figure 3.28 using three spedra ranges; VNIR (0.453— 1.311um), SWIR (2.007-
2.409 um) and a wmbination d both. The Minimum Noise Fradion (MNF) rotation
(Green et a, 1989 was first used to reduce noise then MTMF was used to generate
abundances and infeasibility scores. An assessment of the success of ead image

product was then made based on field olservations and ground spedra information.
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This is an issue for discusson since the acaracy verificaion of hyperspedra data is
difficult due to scdes of measurement, geo-registration issues and limited access to
groundspedrometers. In some caes, the hyperspedral data ae considered to constitute
evidence for the presence of a minera, e.g. the presence of a 2.265 um feaure for
jarosite. Table 3.4 gives a qualitative assssnent of the MTMF mineral abundance data,
based onacarracgy (in relationto field observations) and nase charaderistics.

Table 3.4 Assgned quality values (0 to 9=low to high) for MTMF mineral abundance

images.

Image end-members | Reference end-members

Range | VNIR | SWIR | VNIR- | VNIR | SWIR | VNIR-

SWIR SWIR
goethite 9 0 9 8 0 7
hematite | 9 0 9 3 0 0
jarosite 7 9 9 6 7 8
schwert. 5 0 8 4 0 4

The @omparison & MTMF abundance image results (Table 3.4), suggests that best
results are adieved by the use of image end-members and the largest spedra range.
For both goethite and jarosite, USGS spedra library end-members produced useful
results. However, hematite mapping was only succesdul using the image end-member
and bdh hematite and goethite were not succesdully mapped using the SWIR.
Schwertmannite was only partialy successul using the mwmbined VNIR-SWIR image
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end-member due to the inclusion d other areas - probably as a result of the impurity of

the image spedrum.

Examples of abundanceresults for jarosite ae shown in Figure 3.29.All the images are
similar and have successully mapped known jarosite zones asociated with segrages on
the south taili ngs dump (A), adive weahering of pyritic rocks (B) and the fradure zone
/ north adit spring zone (C). The VNIR image end-member (Figure 3.2%) has included
some other rocky areas generally rich in Fe-oxides (south of C) due to this part of the
spedrum containing only broad feaures for jarosite. The laboratory jarosite end
member approadh (Figure 3.299, athowh ill effedive, tends to show more
badground nase and hes been influenced undudy by some of the built environment

feauresin the town.

(a) image -, vnir (b) image = swir (c) image - vnir, swir (d) lab - vnir, swir

Figure 3.29. Jarosite MTMF abundance @mparison. (a), (b) and (c) al use the image
end-member in Figure 3.28a) and dfferent wavelength ranges. (d) was produced using
the USGS end-member for jarosite in Figure 3.28b).

Image end-members and the combined VNIR and SWIR spedral range were used to
produce the AMD mineral map shown in Figure 3.30.High MTMF infeasibility values
were masked and this removed some pixels associated with bulding roofs. Also for all
the end-members, a threshold MTMF score of 0.30 was used to crede a ¢assmap. An
MTMF score of 1 indicaes a perfed match between pixel spedra and target end
members and the threshdd value was chosen based on ground olservations. Rigorous
cdibration d this cut-off value was considered too exhaustive and impradicd for this
study. Red areas in Figure 3.30 show where schwertmannite is forming by rapid

oxidation from flowing add mine drainage (indicaing pH < 4.5-seesedion 3.1.3.3.
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These ae sources of major palution and the largest scwertmannite zone & North Adit
spring (just below C) is providing a significant flow inpu of palutants to the Molonglo
River. In ather areas like & the north end d the south taili ngs dump (A in Figure 3.28),
smaller segpages containing schwertmannite ae found. In the middle sedion d the
southern dump, there ae afew pixels that also relate to segpages of groundwater in the

dump, al contributing pall utants to the environment.

Jarosite is aso formed in areas of microsegrage and fradure zones. Jarosite zones on
the south tailings dump, including those on the bank of the town reservoir, indicae
segpage of add groundvater interading with weahered dump materials. These aeas
are dso contributing toxic metals to the ewvironment but at a slower rate than
schwertmannite aeas. As mentioned before, the jarosite nea B is formed by weahering
of pyritic mine sequencerocks and may also be contributing significant pall ution duing
run-off periods. Goethite in some aeas (green in Figure 3.30 may have been
transformed from jarosite but could also be part of the weahering of volcanic rocks
lakking pyrite. Hematite aeas mostly represent aress where leaded soils have

developed. The aea & D isthe ore mncentrate loading area adis grongly hematitic.
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HyMap Acid Mine
Mineral Map

. \Wet schwertmannite

- areas of significant flow
of acid groundwaters
(pH < 4.5) carrying toxic
metals.

Jarosite

- areas of slow seepage
of acid waters and active
weathering of pyritic
mine sequence rocks

Goethite

- weathering of pyrite
complete, no acid
produced

Hematite

- areas of leached
material, no acid
produced

Figure 3.30.AMD minera classmap derived by unmixing of HyMap VNIR and SWIR

data using image end-members.

The hyperspedral AMD mineral class map (Figure 3.30 provides a rapid mapping of
continuing sources of pdlution in the Captains Flat mine aea Red and yellow
indicaing schwertmannite and jarosite respedively show aress where acd water enters
the environment. The major sources of padlution are the North Adit spring and the
southern tailings dump. The proximity of these aeas to the Molonglo River and town

reservoir creaes amajor problem for rehabilit ation eff orts.

3.4Conclusions

Airborne HyMap data, samples for analysis and ground spedral data were olleded
from the Captains Flat areawith the am of producing an airborne map of environmental
hazards. Spedral data @lleded from AMD preapitates in the Captains Flat areashow
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that there is sgnificant variability between minera signatures. XRD, spedra studies
and eledron microprobe of mine drainage materials have identified schwertmannite,
jarosite, goethite, gypsum and Hadk agae The receitly discovered minera
schwertmannite is amorphouws and generaly present under a thin layer of water. As a
result, this mixture has charaderistic spedra properties. A dried schwertmannite
spedrum presented here (seeFigure 3.7, spedrum cf87) is one of only a few known to

be measured world-wide and currently none of these have been pulli shed.

Two HyMap surveys were flown at Captains Flat becaise problems with the first
survey, due to topographic shading, degraded the aility of the hyperspedral data to
target materials. Nevertheless the use of a shade wrredion (the C-corredion method —
see sedion 3.3.1.2 demonstrated an improvement in the analysis for VNIR data
athough the SWIR radiance was too low to adieve succesul mineral mapping of
jarosite. This technique was naot required for the second survey but it could be useful
for correding hyperspedral data aqyuired elsewhere over very steep terrains.

The signatures of cdibration targets deployed in the secondairborne survey showed that
the @mospheric corredion routine “HyCorr”, incorporating ATREM, produced redistic
spedra. However, applicaion d a linea corredion to the HyMap data, based onthe
spedra of the groundtargets, reveded an artificia step in the data between the VNIR
and NIR modues. This was subsequently foundto have been produced from an error
introduced duing pre-processng, by HyVista Corporation, which was designed to
corred for sight detedor radiance mis-matches. Although na in time to prevent many
probable “bad” batches, the company was able to repair their data product based on
information from the author.

Image end-member unmixing, of atmosphericdly correded HyMap data, was foundto
succesqully identify areas of add mine padlution at Captains Flat. HyMap-derived
mineral maps for schwertmannite map the strongest flow areas of add-mine waters
while the jarosite dundance image highlights locaions of add production onweéahered
surfaces and at smaller segpage zones. The cmbined airborne mapping of these two
minerals effedively shows where ac¢d waters and toxic materials enter the environment.



Chapter 3.

Hyperspedral Case Sudy — Captains Flat, N.SW.

3€



