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ABSTRACT

Reflection apectroscopy in the visible and near imfrared (0.35 to
2.55um) offers a rapid, inexpensive, nondestructive tool for determining
the mineralogy and investigating the minor element chemistry of the
hard-to-discriminate carbonate minerals, and can, in one step, provide
information previously obtainable omly by the combined application of
two or more analytical techniques. When light interacts with a mineral
certain wavelengths are preferentially absorbed. The number, positions,
widths and relative intensities of these absorptions are diagnostic of
the mineralogy and chemical composition of the sample. At least seven
bands due to vibrations of the carbomate radical occur between 1,60 and
2.55um. Positions of these bands vary from cne carbonate mineral to
another and can be used for mineral ide tification. Cation mass is the
primary factor comtrolling band position; cation radius plays a seconm
dary role.

Electronic processes in the d-shells of transition metal cations
can also cause absorptions. Absorbing species in carbonate minerals
include Fez*, Mn2+, Ni2+. Coz*, and Cn2+. Foz* bands are centered near
1.1ym. They vary in width, position, and shape from ome calcite group
mineral to another, reflecting differences in the size and symmetry of
the octahedrsl sites in these minerals, and canm aid in mineral identifi-
cation. Relative intensities of transition metal asbsorptions increase
with increasing caticn abundance, snd can be used to determine cation
concentrations., Detection limits for Mn2+ are about 0.10 weight per
cent Mn, for Fez+ sbout 0.01 weight per cent Fe, and for Cu+ sbout 0.005

weight per cent Cu. Positions of carbonate bands msy also vary vwith

variations ir chemical composition,
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Absorption festures doe to water may also occur in spectra of car
bonate samples. Liquid wster has two strong absorptions near 1l.4um and
1.9um. Absorptions due to water bound im clays are narrowes and occur
st shorter wavelengths than those due to liquid water. o produces
absorptions near 1.4uym and 2.2um, but the 1.9um feature is lacking.
Absorptions due to water bound in hydrated carbonate minerals phases are
broader and occur at longer wavelengths than those due to liquid water.
Spectra indicate that hydrozincite and hydrocerussite. believed to conm
tain only OH , actually contain bound 820 s well.

Spectra indicate that aqueous fluid inclusions are nearly nubiqui-
tous in carbonate rocks and minersis, and are particularly abundant in
skeletal material. The quantity of iaclusions vuries from ome type of
organism to another, with coccoliths and planktonic forams containing
the least water, corals and coralline algae containin the most. Ianclu-
sions are lost rom skeletal material during diagenesis, and the amount
of water lost may be related to the diagenetic enviromment.

Spectra taken both from powdered samples of different grain sizes
and from whole samples indicate that band positions, shapes, and rela-
tive intensities don’t change with changes in grain size and porosity of
s sample, and spectra contain the same minersalogical ard chemical infor-
mation regardless of the form of the sample.

Three quite different types of spectrophotameters were uszed to
measure sample spectra, and all give equivalent results.

Spectrzl reflectance also has potential as a remote sensing tool.
Spectral features diagnostic of mineralogy asnd chemical composition
occur in the atmospheric windows, and can be meassured with high resolu-

tiou instruments.
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CHAPTER 1

Iatrodaction

LLimestones and dolomites form ome fifth to omne fourth of the
stratigraphic record. Carbonate rocks comprise 70% of all the stone
quarried in the United States, and 50% of the world's oil is contained
in carborate reservoirs, Carbonate minerals also occur commonly in
hydrothermal veins and in association with ore depotits. Thus carbonmate
rocks are of economic as well as academic interest,

Carbonate minerals are iifficult, if not impossible to distinguish
in thin section by the nsual petrographic methods, and a aumber of other
techniques, including staining, X-ray diffractionm, cathodoluminescence,
and electron microbe are used to study the mineralogy and chewical com-
pcsition of carbonate samples. However, none of these techniques s
entirely satisfactory, and usually some combination of two or more tech-
niques is required to adequately characterize carbonate minerals.

Spectral reflectance ia the visible and nsxar infrared (0.35 to
2.55um) offers a rapid, inexpensive, nondestructive tool for determining
the mineralogy and investigating the minor elem.nt chemistry of these
hard~to-discriminate minerals, and can, in one step, provide information
previousiy obtainable orly by the combined application of two or more

analytical techmiques. In addition, the technique is very sensitive to



the presence of water, snd can bs uzed to determine whether it is
present as hydroxyl ion (CH ) or as water molecules. and if present as
water moiecules, whether as liquid in the form of fluid inclusions, or
as bourd water in clays or hydrated carbonate minerals.

This technique has been used by ignecus and metamorpkic petrolo-
gists for over a decade to study pyroxenes and olivines, and to a lesser
extent faldspars and other mineral groups (Adams, 1975; Burns, 1970;
Bunt, 1977; Hunt and Selisbury, 1970, and others). Earlier work hsas
shown that reflectance spectra of carbonate rocks and minerals ir the
visible and near infrared show a variety of features which are poten
tially useful for mineralogical and petrographic work (Adams, 1975;
Hexter, 1958; Hunt, 1977; Hunt and Salisbury, 1971, 1976). Bowever, no
systematic effort has previousiy been made to relate these spectral
features to the mineralogical and chemical compositioa of carbonates.

This technique has potential not only as a laboratory tool, but as
a tool for remote sensing. The use of reflectance spectroscopy as a
tool for mapping in the field, from aircraft, and from spacecraft is
being explored (Goetz et al., 1983)., A detailed Imowledge of the spec-
tral properties of carbonate rocks and minerals is ossentiai in extract-
ing information from existing data sets such as those collected by the
Thematic Mapper snd the Shuttle Mapping Infrared Kadiometer, as well in
designing mnew instruments so0 that they will be more effective in
discriminating sedimentary rock units.

The study o. carbonate spectra in this wavelength region eatails
specisl problems. Carbounate spectra contain features due to electronic
processes in unfilled d-shells of transition mets]l catious, usvally the
province of spectral studies in the visible and near infrared. In addi-

tion they contain features dne to vibrational oprocesses which are

-2 -



usually the conzern of workers in the mid infrared (5-15um). Vibrations
of the carbonate radical produce absorption features in this regicn.
Vibrations of water molecules do also, and since, as was found in thke
course of this study, agqueous fluid inclusions are nearly ubiquitous in
carbonate rocks, the spectral properties of water, liquid, bound, and
OH , had to be ircluded in the study as well,

This study examines the spectral properties of carbonate minerals,
with specisl attention being givem to calcite, aragonite, and dolorite
which comprise the bulk of modern and ancient carbonate sediments. The
spectral properties of the more common solid solutjon series (e.g. the
dolomite-ankerite series) sre examined. The spectral properties of the
carbonate-noncarbonate mixtures which commonly occur in carbonate rocks
are investigated, with special attentionm given to carbonate-water mix-
tures.

In this study reflectance spectroscopy is viewed as a tool! rather
than a field. The ptrpose of the study was to define spectral parame—
ters useful in discrimination of carbonate minerals and rocks, and to
investigate the possible applications of this tool to petrologic prob-
lems. Although some discussion of solid state physics is included to
give some understanding of the caucses of spectral characteristics of
carbonates, suck investigations were not a primary purpose of the

present study.



Methonds

Samples for this study were obtained from a variety of sn=rcces,
including museums, university collections, commercial establishments,
chemical companies, and the field. Lists of samples and their sources
are given in tables and in the text whers their spectral properties are
discussed.

Mineralogy of alil samples was verified by X-ray diffraction on
powdered samples.

Chemical data on samples wss obtained using four different tech-
niques. Samples for which sufficiect material was available were
analyzed for Ca, Mg, Fe, and Mn by X-ray flvorescence on fused glass
discs following the procedures of Norrish and Hutton (1969). CO2 con
tent was calculated assuming stoichiometry and absence of water. Grains
from powders of some of the calcite samples for which limited material
was available were analyzed using a Cambridge Stereoscan S-4 SEM
equipped with EDAX to determine the presence of minor chemical com-
ponents in the samples. Spark spectrometry with a Vreeland Direct
Reacding Spectroscope, model 7, was also used to identify minoz elements
in some magnesiteg, siderites, and smithsonites for whick sufficient

material was available. Atomic absorption was dome using a Perkin-Elmer
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603 Atomic Absorption Spectrophctometer. All samples were washed three
times in distilled, deionized water. Two tenths of a gram of sample weas
dissolved using concentrated HCl diluted to 10%, and distilled, deion-
ized water was added to give 100ml of solution. A like amount of ultra-
pure CaCO3 was added to standards. Each analysis was performed at least
twice. Reproducibility for Fe amalyses in dolomites are 2.5% or better,
for Mn and Mg in dolomites 5% or better, for Cu in calcites 2.5% or
better.

Water content of some samples was determined by heating samples and
measuring the amount of warer evolved. Powdered samples were weighed
into platinum boats, oven dried at 110°C overnicht, and reweighed to
determine amount of adsorbed water. Samples were then placed in a dry
ait stream in a furnace at 1070°C for 30 miputes. Water was trapped in
& glass collecting tube containing P205.

Mineral ssamples were ground or crushed by hand with a ceramic mox—
tar and pestle. Since coarser particle sizes increase the optical path
length and therefor the intensity of sbsorption features (see Chapter
3), samples were made as coarse—grained as was feasable. Recause most
scattering of light occurs at crystal-sir boundaries 1light travels
farther in coarse samples or nomporous rocks than in fine powders
before it is scattered back to the detectcr. While this <cesults in
stronger absorption features in sample spectra which are dense or
coerse—grained, light may pass t(hrough large, well-formed crystals or
thin samples apnd be reflected off the sample kolder as well as the sam-
ple. If sufficient materia! was availeble (a few grams) samples were
crrnshed and wet-seived to give a fraction with particles ranging from 90
to 355um. Wken smaller amounts of material were availcble, finer parti-

cle sizes were included in the sample to increass scattering and ensure
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that all light reaching the detector had interected only with the sam-
ple, and not with the sample holder.

Modern skeletal materisl was cleaped in H202 or sodium hypochior
ite. Most samples were ground and bleached a second time, and spectra
were taken of the powdered samples. Skoletal material was examined
carefully to ensure that pno materisl which had been altered (bored,
micritized, or cemented) or coated by encrusting organisms was included
in the samples.

Spectrs of rock samplcs and of some mineral and skeletal camples
were taken from whole samples on broken, sawed, or polished surfaces.
Mention is msde when whole samples were used, or when spectra were
obtained from sands, Unless otherwise stated, spectra shown were
obtained from powders.

Three different spectrophotometers were used to measure sample
spectra. In general all reflection spectrophotameters consist of a
light source, a mechanism such as a diffraction grating, prism, or cir
cular variable filter to separats the light into different wavelengths
either before or after it has interacted with the sample, and a detector
whick measures the intensity of the reflected 1light at different
wavelengths.

The instrument on which the majority cof the spectra were measured
was built at the University of Hawaii and is described by Clark (1981),
McCord et al. (1981), end Singer (1981). Much of the follouwing discus-
sion is taken {rom these sonrces. The instrument is desigred to measure
bidirectional reflectance (Bapke, 1981). It has a collimated light
source, and light source and viewing mirrors are mounted on rocker amms
to permit variations in viewing geometry. The light source is s 250-V

quartz halogen bulb in an integrating sphere lined lined with Halon, and



it zollimsated by sn f/8 off-axis parabolic mirror. A constart voltage
power supply is used. The resulting beam is Scm in diameter, and Clark
(1981a) found the intensity of the light beam to be uniform to better
than 2% over a 30mm diameter area. The moveable arms on which the light
source and mirrors are mounted can be adjusted independently ton 1850 of
the vertical.

The instrument has a horizontally oriented sample holder assembly.
A turntable with four positions, three for samples and one for the Halcn
standard, which can be rotated into the light beam was vgsed to measure
spectra of powders and small rock samples. Powdered samples were placed
in helders made of the black plestic Delrin which has s flat spectrum
with reflectance of about 20%. To measure spectra of large rocks the
turntable was removed. An enviromment chamber described by Clsark
{1981a) can be used to take spectras of samples at liquid or solid aitro-
gen temperatures. One spectrum of Iceland spar was obtained im this
way. The area of sample viewed by the spectrometer ranged from 2 to Smm
in diameter, depending on the aperture used.

The sample is imaged at the focal plane of the insirument using s
10.8cm diameter Cassegrain telescope operating im the imverted mode, and
a series of flat mmirrors arranged in pairs to reflect in perpendicular
planes to cancel mirror-induced polarization.

The visible and noar—infrared portions of the spectrum are measured
by continuousl!y spinning circular variable filters (CVFs). The visible
CVF covers the spectral interval from 0.35 to 1.0um, the near infrared
CVF from 0.6 to 2.55um, giving an erea of overlap. The infrared CVF con-
sists of two 180° segments covering the regions 0.65 to 1.35um and 1.32
to 2.60um. These were obtained from Optical Coating Laboratory, Inc.

Spectral resolutinon is about 1.5% throoghont the spectral range.



Filters and detectors (a quatrz photodiode for the visible, an indium
antimonide detector for the uear infrared) were cooled to liquid nitro~
gen temperatures. For each revolution of the CVF, the incoming signal
is compared to the sigral from a black reference 240 times. Detector
signal is converted to a pulse trzin by a V/F converter for digital pro—
cessing. The differemcc inm signal is counted, computed, and stored in
the deta system memory. The sum of two complete chop cycles makes one
spectral channel, giving 120 date chanmels. An optical encoder monitors
the position of the CVF and the black beam chopper is phase-~locked to

thke CVF rotation to ensure that each channel corresponds to the same

wavelength for each revolution. Wavelength calibratior is checked at
the beginning of each day with a narrow band pass filter. Data 1is
stored on digite! magnetic tapes along with sidereal and local times,
ob;ect names, and any other information the operator wishes to record.
The other two instruments are commercislly available omes - a Beck-
man DE~2A Ratio-Recording Spectroraflectometer and a Perkin-Elmer Model
330. The Eeckman ™¥-2A, which is part of John Adams’' laboratory at the
Geology Department at the University of Washington in Seattle, uses a
photomultiplier tube fecr the 0.35 to 0.6um range, and s PbS detector for
the 0.6 to 2.5um range. Detectors were not cooled. The Perkin-Elmer
330, part of the facilities at the Remote Semsing Center at University
of Massachuseits at Amhorst headed by Robert Huguenin, kas a photamulti-
plier tube for the 185 - 930nm range, and a PbS detector for the 850 -
2600nm range. The PbS detectcr is cooled to -30% by & thermoelectric
cooling device packaged in the detector cass. The instrument uses a
monochrometic light source with a double monochrometer hclographic grat-
ing. Both commercial instruments have integrating spberes which c«llow

light scattered from <che sample in all directions to be measured
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(directional-hemispherical reflectance, Hapke, 1981)., The use of an
integrating sphere somewhat reduces the flexibility of the instrument zs
samples must be in some form (e. g., s powder covered with a glass
slide, or a small, flat rock slab) which cam be held against a small
hole in the side of the integrating sphere. Viewing geometries cuanrot
be varied.

Halon, & fluorocarbon msnufactured by Allied Chemical Corporation,
which is close to a perfect diffuse reflector in this wavelength regior
(Venable ¢t al., 1976; Weidner and Hsia, 1981), was used as a standard
with all three instruments. Reflectance of Halon is 99% or higher in
the 0.35 tc 1.8um region. The powder doesn’t absorb or adsorb water,
and its spectrum is pearly flat in the 0.2 to 2.5um range, with the
exception of a weak absorption fesature near 2.15um (Weidner and Hsia,
1981).

Whken spectra were taken with the University of Hawaii instrument,
samples were viewed at a phase angle of 100, with either the light
source or the mirrors at the vertical. This viewing gecmetry was chosen
to maximise the intensities of absorption bands while avoiding back-
scatter offects. Each spectrum is an average of several separate obser—
vations of each sample., The near infrared spectrs are averages of five
runs, each run consisting of two complete revolutions of the CVF, The
visible spectra are averages of three runs each with ten revolutionz per
run. Since carbonate samples are generally quite bright, lonmg intsgrat-—
ing times are not needed. Errors, plus or minus one standard deviaticon
of the mean, are generally less than 0.2%.

The spectrum of the Halon standard was measured before and after
euch sample spectrum. Data wer2 redoced using spsctrum processing rouo-

tines described by Clark (1980). Sample spectra were ratioed to the
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Halon spectrum, and a correction was made for the fact that halon has a
small sbsorption feature near 2.15um, giving a result felt to be within
s few per cent of absolute bidirectional reflectance (Singer, 1981).
Vertical axes of spectrz are thus labelled "absolute reflectance”.
Where spectra have been offset vertically, e.5. by continuum removal or
to create stacked plots, vertical axes are labelled "relative reflec-
tznce’”’ .,

Precise band positious, intensities, and widths were determined
using our GFIT (Gaussian Fitting Program) routine which was adapted from
the work of Eaper et al. (1966) and is described by Farr et al.
(1980), and Clark (1981b). This routine fits gaussian functioms to all
absorption bands simultaneously, quantitatively specifying their posi-
tions, widths, and depths.

Spectra from the Beckman DE-2A are single runs, No errors are
given. A program written by Ted Rousi wes used to translate data from
this instrument to our format., Data taken with this instrument con—
sistently gives band positions which are 0.0Z5um sbhortward of those
determined by the University of Hawaii instrument (Roger Clark, Michael
Gaffey, personal communication). Correction was made by adding 0.025um
to the wavelength files for these data so that data from the two instru-
ments couid b»e compared. Data from the Perkin—Elmer 330 uppears tou be
directly comparable to that taken with the University of Hawaii instrun-
ment, although this has not been investigated in detsil.

Spectra tasken with the Perkin-Elmer 330 are averages of three runs
each in the visitle and near-infrared, but errors are not included.

Spactra of nearly all samples were measured om the University of
Hawaii instrumenat. These spectra wcre used for detailed mineralogicel

studies. Spectra of some samples were measured on the other two
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instruments, which have greater resolution and extend to slightly
shorter wavelengths that the University of Bawaii instrument. When
spectra from either of the commercial instruments are unsed ir the ensu-
ing discussion, specific mention will be made. Unless otherwise stated,
the spectra shown were cobtained with the University of Hawaii instru-

ment,
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CAAPTER 3

Spectral Properties of Calcits,

Aragonite, and Dolomite

INTRODUCTION

Spectral retlectance in the visible ana near infrared (0.35 to
2.55um) offers a rapid, inexpensive, n.andestructive technique for deter
mining the mineralogy and something of the minor element chemistry of
the nard-to-discriminate carbonate minerals, and can, in one step, pro-
vide information previously obtainable only by the combined application
of two or more anajytical techmniques. The technique has beer used by
mineralogists and igneous and metamorphic petrologists for more than a
decade to study pyroxenes and olivines, and to &8 lesser extent feldspars
and other mineral groups (e. g., Adams, 1975; Burres, 1970; Runciman et
al., 1973)., Previous work has shown that rerflectance spectra of car—
bonate minerals in the visible (VIS) and near infrared (NIR) show a
variety of features which are caused by overtones and combination tones
of the tundamental intornal end lattice vibrational modes ot the car-
bonate radical, and by electronic processes within the unfilled d-shells
of trasnsition metsl cations if present (Adams, 1575; Hexter, 1958; Hunt
and Salisbury, 1971). However, as vet no systematic sttempt has been
made to relste thess spectral features to the mineraiogical and chemical
composition of carbonate rocks and minerals.
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Considerable work has been done with transmission and reflection
spectra of carbonates in the mid-infrared (5 to 15um) region (MIR) where
absorption teatures caused by the fundamental vibrational :odes occur.
Spectra in this region have been used to study the structure of car
bonate minsrals (Adler and Eerr, 1962, 1963a,b; Gatehouse ¢t el., 1958;
Hexter and Dows, 1956; Scheetz and White, 1977, Schroeder ot al., 1962;
Weir and Lippincott, 1961; and many others), and some etforts have been
made to use spactra in this region for mineralogical and petreographic
studies of carbonates (Adler amd Kerr, 1962; Chester and Elderfield,
1966, 1967, Farmer end Warne, 1978; Hovis, 1966; Huang ana Kerr, 1960;
Hont et al., 1950; Eeller et al., 1952; White, 1974). However, spectra
in this region do not contain features directly attributable to traznsi-
tion metal ions such as Fez* and Muz+ which are of considerable impor-
tance in studies of the deposition and diagemesis of carbonates. In
addition, reflectance spectrs in the VIS anc NIR are more easily
obtaiunsd then those in the MIR. Transmission spectra in the }IR are
most readily obtained from material which has been ground to a powder
and pressed into slkali halide pellets or discs. Pasrticle size etfects
in both transmission and reflection spectra in the MIR can cavuse sigai-

ficant variations in spectra which are unrelated to mineralogy or chemi-
cal composition of the samples (Estep—Barmes, 1977; Famner and Russell,
1966; Russell, 1974; Tuddenham and lLyomn, 196C). Spectra in the VIS ana
NIK, on the other hand, may be obtaired from samples in any form:
powders, sands, and broken, sawed or polished rock surfaces. Thus,
while transmission studies in the MIR, where the funodamentszl! modes
occur, are preferable for structural studies, reflectance spectra inm the

VIS and NIR are more suitable for petrograhic work.
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This chapter will desi with spectra of the three mcst common car-
bonate minerals, calcite, aragonite, and dolumite, and will describe tne
changes in spectral properties which reflect changes im crystal struc-
ture (calcite to aragonite) and chemical composition (calcite to doloim-
ite). Changes in spectral properties wath mineralogy will be desalt
with more extensively in Chapter 4, ana changes with chemical composi-
tion of common calcite group minerals will be deult with quantitatively
in Chapter S.

CARBONATE MINERALS

Carbonate minerals consist of the carbonate (CO32—) ion ana a
catinn with & charge of +2. Anhydrous carbonate minezals are ot two
basic structral types - The rhombohedral or calcite group minersls and
the orthorhombic or arsgonite group minerals.

The rhombohedral carbonates may be thought of a3 consisting of
layers of cations amd layers of carbonate ions slternating along tne c—
axis (Lippmann, 1973; Reeder, 1983). Figure 3.1 shows the rhombonedral
unit cell for calcite. 3X-ray diffraction stuodies show terat C - O bond
lengths in &ll carbonate group minerals are very similar (51.284
Angstroms, according to Effenberger gt 8l., 1982) anc that the carbonete
group forms a rigid umit in the form of an eaquilaters] triangle with the
carbon in the center aund the oxygens at the coruers. {(Lippmann, 19573;
Reeder, 1983). Cations are in six~fold coordination, the six oxygens
forming #n octahedron which is slightly elongated aiong tne c-sxis, so
that the O — 9 lengths parallel to the basal plane are less than those
inclined to the base (Lippeann, 1573).

The structure of dolomite, and some other double carbopates, is
similar to thet of calcite. The umit cell for dolomite is shown in Fig-

ure 3.2, where it can be seen that every other cation layer is composed
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Caleite

Figure 3.1 Rhombohedral and hexagonal unit cells for calcite. From
Lippmann (1973, p.10-11). Cs atoms - open circles, Triangles - C03
groups.
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Figure 3.2 Rhombohedrsl and hexagonal unit cells for dolomite. From
Lippmann (1973, p.22-23), Open circles - Ca, O, and Mg in order ot
decreasing size. Small closed circles — C. The Ca atoms marked 1, 2,
3, 4 show positions of rhombohedral unit cell with respect to the hexag-
onsl cell.
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of magnesium ioms rather than calcium ijomns {Lippmann, 1973). The
cations in dolomites also reside in octahedral sites, but there are now
two sites, the A-site, occupied by calcium, s&nd the B-site, occupied oy
magnesium (Reeder., 1983)., For nmore detuil on the structure of carbonate
group minerals, the reader is referred to Lippmann (1973) ana Reeder
(1983).

Aragonite group minerals are orthorhombic. The difference in
structure between calcite and aragonite group minerals is generally
attributed to the difference in cation size, calcium being ot i1ntermedi-
ate size and therefore able to fit into either structure (Hur:but ana
Klein, 1977).

Like calcite, aragonite is made up of slternating layers or cailcium
ions and carbonate groups. However, unlike calcite, the layers in ara-
gonite, as described by Speer (1983), sre not planar. In the cation
layers, alternating atoms are displaced by about 0.05 Apgstroms out or
the plane. Carbonate groups form two distinct types ot "corrugated’
layers with differing displacements of carbonate groups parallel to the
c-axis. Figure 3.3 shows the unit cell of aragonite, and the coordina-
tion polyhedron around the cation which is composed ot nine oxygens.
The carbonate group in aragonite has very nearly the same saape and
dimensions as the zarbonate group inm calcite, although the carbon atom
is displaced slightly out of the plame of the oxygens toward the nearsst
calcium atom (Speer, 1983). Speer (1983) reviews wanat is currently
knowvn about the crystal structure and chemicasl composition of the ara—

gonite group minerals.
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RESULTS

Carbonste Bands

Figure 3.4 shows spectra of the three most commomnly occurring car-
bonate minerals: calcite, arsgonite, and doiomite. Spectra of powders
of csrbonate minerals contaiming no transition metsl cations are nearly
straight linss near uvaity reflectancs at wavelengths shorter than 1.6um.
At wavelengths greater than 1.6um there is a series of absorption
features which increase in intensity with increasing wavelengtn. These
bands are due to vibratiunal processes of the carbonate radical (Hexter,
1958; Bunt and Salisbury, 1971; Matossi, 1928; Schroeder ot a}.., 196.).

Although the three spectra showr ip Figure 3.4 are grossly similar,
inspection reveals differences. At the shortest wavelengtns, the ara-
gonite spectrum has a marked drop-off toward the ultraviolet. The
drop-off in the dolumite spectrum is less pronounced, and is nesrly
absent in the calcite svectrum. Inspection of the spectra snows that
the deepest band in the dolomite spectrum appears to occur at slighrtly
shorier wavelengths than the same banc in thne calcite spectrum. Note
that in Figure 3.4 this baad (centered at =2.5um) in the dolomite spec—
trur has i1ts lowest point at the third channel from the end of the spec—
trum, but the same band in calcite has its lowest point at the sscond
channel from the end. The calcite and dolomite spectra have 2 snelf-
like feature at =2.0um (indicsted by an arrow jin the dolomite spectrum),
while the sragonite spectrum shows a smoother drop-off in this region.

These and other differences in the carbonate bands in spectra were
studied quantitatively using the GFIT program. Because tbese and other
spectra were approgimately straight lines at short wavelengths, a

straight line continuwm was selected and removed from the spectrum by
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division, l~saving only the absorption bands. Gaussian surves were then
fit in energy space with band intensities on s log scale. Several (four
or more) continua with slightly different slopes were divided into each
spectrum, and the result fitted. Onme of these fits is snown in Figure
3.5. The best fit was selected on the basis of the errors (residual
errors for each dats point, errors inm band position for each bana, ana
errorc in the integrsted intensities of the gaussians, i.e.., the widtp
times the height) and examination of plots of tne data snd fits. Fig-
ures 3.6as and b show an example with the original data, the different
continua tried., and the data with the continuum which gave the best fit.
As can be 3zeen the ccntinuum which gave the best fit coincides quite
closely with the straight-line portion of the spectrum shortward of
1.6um. This wes generally truve, and would seem to indicate taat tne
gtraight line continua have some physical as well as mathematical mean-
ing. Slopes of continua varied somewhat from one mineral sample to
another, and showed nc corrslation with mineral type. All were close to
the horizontal.

As mentioned above, several continoa were used with each spectrum
and band positions were determined for each. For a single miuneral spec-
trum, continua with different slopes for wanich a fit could be achieveca
in GFIT gave slightly different band positions, However, as Figure 3.7
shows, differences in band position due to varistions in comtinuum slope
are generally much smaller than differenmces im band positiou between
di:fferent sampies of the same mineralogy, and are significantly smaller
than differences in band positions due to differences in mineralogy
(compare Fig. 3.7 to Fig. 3.13). Figure 3.7 shovs positions ot centers
of bancg 1 pictted vs. the positions of centers of bamd 2 for a1l fits

achieved for nine different snectra - three sragonites, three dolomites,
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Calcites
1507 Pine Pt., Canada'
1530 Ultrspure CIC03 powder, Alfa Division, Ventron2
1531 Iceland spar, Chihuvabua Maxico3
1542 Egremont, England4
6506 Prairie duo Chien Fm., Allamakee Co., Iowa
10519 Mexico5
Aragonites
10530 Bilin, Bohemia4
10525A Molina de Aragonm, Spain
10524 Spain
Dolomites
2501 Styris, Austrin6
5501 Gilman, Colorado7
6503 Bahie, BraziLs
6509 Deep Springs, Inyo Couaty, Cale.g
6510b Bamle, Telemark, Norvay9

6514 Binnenthal, Vslais, Svitzerlandlo

1., Smithsonian Inst. #122283; 2. Alfa Liv., Ventron, 152 Aadover
St., Danvers, Ma.; 3. Wards Natural Science Establishment; 4.
Geology Dept., Univ. of Tows, Iowa City, Iowsa; 5. Rainbow
Cellection, Homolulu, HI,; 6, Smithsonisn Inst. #B9764; 7.
Smithsonian Inst. #R15143; &. Smithsoniar Inst. #103165

9, Minerals Unlimited, Ridgecrest, Calif.; 10, British Museum
#1912,133.

Table 3.1 Numbers and lozsl.ties Of samples ased in tnis study.
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and three calcites. Each dot represents a band center determined for
one continuwn., There are between four and nine points plotted for each
samle, depending on the number of continua tried. Semples 1542, 1531,
sand 1507 are calcites, 10525a, 10530, and 10524 asre aragonites, ana
6510b, 6514, and 6503 (the last two represeated by squares and crosses
in the jower left-hand portion of the graph) are dolomites. Table 3.1
lists the samples discussed im this chapter, and the localities from
wvhich they were obtained.

The etfects of grain size on spectrsl properties can be seen in
Figure 3.8, which shows the spectra of some ot the size fractioms ot
calcite sample 1531 listed in Table 3.2. These spectra snow thxt tne
only spectral parameters which vary with grsin size are overall bright-
ness ot the sample and absolute band intensity. Number ot bands, Ddana
positions and widths, and relative band intemsities do not change. This
was verified by GFITting these specirs.

Fitting of curves in GFIT was done with a vertical scale ot the
logarithm of the intensity. This is in accordance with Lamhert’s Law,
which states that if Io is the original light intensity, I tne intensity
of the light after passing through a thickness x ot a mineral wnose

absorption coefficient is k, then

Figure 3.9 is a plot of the natural log of spectra of tmne 53-63um frac-
tion plotted agairnst the ratural log of the 355-500um fraction of sample

#1531, two of the different particle size fractions shown in Figure 3.8.
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Table 3.2
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Particle size fractioms of sample #1531 in micronms.
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The 1n-1n plots of these two particle size fractioms as well as a;l
other combinstions tried, fail slomg a straight lime, to a very good
first approximation. This shows that absorption of light by carbonate
minerals spproximates that predicted by Lambert’'s Law, and lends support
to the use of this particular model in studying absorption features in
carbonates. The more commonly employed Fubelka-Munk model is strictly
applicable only to weakly sbsorbing materials; strong absorbers snow
marked deviation from the theorv (Wendlendt and Hechtr, 1966). Clark ana
Roush (1984) found that this marked deviatioa from tne predicted linear
trend of the rewission function of EKubelka - Munk theory occurs below
values of relfectance of =64%.

Clark and Routh (1984) summarize other problems wnich result from
attempts to apply Kubelka - Munk theory to these laboratory data. Ome
problem mentioned by these authors is that for K - M tneory to be
strictly wvelad, bihemispherical reflectance must be measured. The
University of Hawaii spectruophotameter with which these data wersn taken
measures bidirectiorsl reflectancs. Bidirectioual gseflectance is also
measured when remotely sensed data are taken. Clark and Roush (1y84)
also note that E - M theory assumes isotropic scatterimg, and ignores
mutual shadowing of particles, assumptions which limit the applicabiiity
of this theory to geologic problems.

Clark and Roush (1984) also present discassions of other theoreti-
cal models describirg absorption and scattering ot ligkt by particulate
medicz, and ihe advantages &nd difficulties inherent im each.

Another facior affecting both the absolute intsansities ot spectral
features, and the overall brightness., or albedo, of tane samples, is
porosity or packing of the sample. Figure 3.10 shows two spectra ot the

same sample, in powdered and whole form. The sample is 8 coarse
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BIE.&a B

1

Sample #
Calcites

1507 2.532
1530 2.530
1531 2,535
1542 2.541
5506 2.535

10519 2,533

Dolomites

2501 2.508
5501 2.513
6503 2,505
6509 2.516

6510b 2,518

6514 2.516

Aragonites
10524 2,538
105254 2.529

10530 2.532

2,337
2,334
2.333
2.340
2.334

2.334

2.313
2.323
2.312
2.320
2.322

2,319

2.331
2,328

2.332

Band Number

3

2.265
2.254
2.261
2.272
2.263

2.259

2.234
2.244
2.235
2.248
2.247

2.244

2.171
2.169
2.167
2.179
2.174

2.169

2,155
2.150
2.157
2,165
2.170

2.165

2.185
2.185

2.201

1,995
1.995
1,991
1,998
1.974

1,979

1.971
1,975
1.971
1.974
1,977

1.979

1.9¢92
1.990

1,993

1.882
1.821
1.876
1.885
1.871

1.875

1.872
1.882
1.853
1.869
1.867

1.862

1.877
1.873

1.874

1.756
1.762
1.763
1,758
1.753

1.770

1,725

1.740

1.748
1.744

1.737

Table 3.3 Bend pozitions dztermiped {rom GFIT routine in microns.
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grained, dense dolomite (sample #6505). OGnly intensity of bands ana
overall brightness of the spectra are atfected. The number of tesfures,
their form, positions. snd relative intensitics f{intemsity of & banag ia
a spectrum relative to the intemsity of other bands in the same spec-
trum) are not. A lmln plot of these two spectra iz shown in Figure
3.11. Here the po.-ts also tall along a straight lime. Thus Lambert’s
Law appears to describe absorption features in cirbonstes, regardless of
the torm sf the sample (i.e., powder, rock, etc.)

Carbonates show seven vibratiomal bands in tne NIK cegion or tne
spectrum (see Fig. 3.5)., Table 3.3 iists the band pusitions determined
in this study. Bands are latalled in order of decreasing intensity, the
strong 2.5um band being band 1. The brosd, weak band 7 appears in some
spoctra to actuslly be composed of two bands. BHowever, the resclation
in this portion of the spectrum on our instrument made discrimination ct
these two bands possible in only a few of the spectra, so the two banas
were fit as one. It spectra of some other samples, most potably tne
ferroan dolomites, band 7 was either sbsent or too weak for its position

to ve determined using GFIT, and no band positions are reported for bana

7 for these samples.

In general, all of the bands in dolomite spectra are centered at
shorter waveiengths than the¢ egquivalent banas in catcite spectra {see
Table 3), although there is some overlap in the case of bana 4. Bana 5
in two of the calcite spectra (samples 10519 and 6506} occur zat tne
shorter wavelengtbhs typical of the spectra of doiomites. The positions
obtained for band S5 ir those two spectra by GFITting is =0.02um snhort-
ward of 'thnt in the other calcite spectira. Retflectance spectra are
extremely seusitive to the presence of water, which bas a stromg absorp-

tion teature at 1.9%um (Hunt and Salaisbury, 1971)., In the course ot rhe
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present study it wes found that water, most probably in tne form ot
fluid inclusions, is nearly ubiquitous in carbonate mipnerals and rocks.
Absorptions due to water are discussed in detail in Chapters 6 tkrough
8. The spectra of both these samples indicate minor amounts ot water
are present (a tew hundaredths of & par cent by weight as determined by
heating the sampla to IOCOOC for one half hour and measuring the amount
of water evolved). The strong, asymmetric absorption feature due to
liquid water which occurz in the 1.9um region probably causes tane
apparent shift of the measured band positioms in tunese two samples to
shorter wavelengths. Ia spect:as of all of the dolomites studisd except
sample #5501 band 6 vccurs at shorter wavelengths than tie same beana in
calcite spectra. Bana 7 is difficult to find in some dolomite spectra
because this very weak feature occurs on the flanks ot tne irom bancs
which are twoc to three orders of magnitude wider tasn trne carbonate
bands. However, the limited datas available ingicate tnat bana 7, like
the other bands, occurs at shorter wavelengthns thac its calcite counater—
part.

In addition, there is a shift in position of carbonate bznas in
dolomice with varying irom content. Figure 3.12 is 2 ratio spectram of
two dolomites, one containing 0.04 weight per cont Fg, the other 2.7
weight per cent Fe, showing the shift in the posit:zoms ot banas ! ana 2
to longer wavelengths with increasing irom content. The spectrum ot oae
dolomite was divided by tkat of apmother of similar grain size. If the
band positions in the two spectrs were the same, the result would he a
smooth curve. The presence of peaks reflects the ditference in position
of the cerbonate bands in the two spectre. This and other chemical
variations are probably responsible for the scatter ia bang positionms

seen in Figures 3.13, 3,14, and 3.15. These treands will be desalt witn

in more detail in Chapter §.
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Sample #

Calcites

1507 0.0223 0.0154
1530 0.0228 0.0168
1531 0.0233 0.0157
1542 0.0255 0,0161
5506 0.0237 0.0164
10519 0.0232 0.0163
Dolomites

2501 0.0218 0.0191
5501 0.0223 0.0178
6503 0.0221 10,0201
6509 0.0208 0.0173
6510B 0.0226 0.0187
6514 0.0228 0,0186
Aragonites

10524 0.0243 0,0192
10525A 0.0234 10,0197
10530 0.0247 0.0196

Table 3.4

Band Number

3

0.0149
0.0121
0.0139
0.0142
0.0136

0.0144

0.0138
0.01909
0.0099
0.01C4
0.0113

0.0210

0.0130
0.0126

0.0128

0.0170
0.0288
0.0210
0.0252
0.2268

0.0235

09,0266
0.0188
0.0306
0.0265
0.0310

0.0281

0.0278
0.025¢

0.0296

_41..

0.0183
0.0278
0.019s
0.0223
0.0330

0.0305

0.C322
0.0233
0.0341
0.0218
0.0236

0.0206

0.0218
0.0275

0.0211

Widths of carbonate bands in um_ .

0.0190
0.0229
0.0206
0.0193
0,0246

0.0241

0,0188
0.0241
0.0261
0.0222
0.0226

0.0234

0.0258
0.0240

0.0252

1

0.025¢6
0.0255
0.0271
0.0430
0.0305

0.0425

0.0178

0.0330

0.03Yys

0.0351
0.0280

0.0357
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3

Positioas of carbonate bands in aragonite spectra do not snow tne
same trends relative to equivalent bands ip calcite spectra that banas
in dolomite spectra do (see Table 3.3 and Figs., 3.13 to 3.15). Bands in
spectra of aragonmites may occur at the same, shorter, or longer
waveleagths than the equivaleat bands inm calcite spectra. The position
of band 1 is approximately the same for both aragonite and calcite spec-
tra, and bands 5 amd 6 in aregonite spectra occur at the same oOr
slightly shorter wavelengths than the same bands in calcite spectra.
Bands 2, 5 and 7 occur &t shorter wavelengths in aragonite spectra than
in calcite spectra, while band four occurs at longer wavelengtns,

Band widths slso vary with minergiogy. Table 3.4 shows oana widths
determined by GFIT for the spectra of tne three common mineral types.
These widths are given in inverse microas (um-l) rather than microms
because the absorptions are believed to represent & gaussian distribu-
tion of energies around a central value (Farr et al., 1982)., Energy is
inversely porportionsl to wavelemgth, s0 bands won’'t be symmetric in
wavelength spsce. Band 1 appears to be aarrower im dolomite thnan in
arsgonite spectra. Bacd 1 tends to be narrower in dolomite spectra than
calcite spectra as well, although there is some overlsap inm values. In

general band 2 appears to be wider inp aragonite than in dolomite or cal-
cite spectra (see Fig. 3.16)., Band 3 appears to be narrowest in dolom-
ite spesctra, wider in aragonites, anad widest in calcites. There are no
clear trends in widths of band 4. It is difficult to generalize about
trends in widths of bands 5 and 6 because presence ot mipor srounts of
water in the sample can make bands 5 and 6 appear wider tnan data from
dry samgples wounld indicate they are (for example, compare widths ot bana

S5 for 10519 and 6506 to those for 1507, 1531, ana 1542 in Table 3.4).
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Dolomite spectra show much greater variation in band widths tnan
aragonite and calcite spectra. This might be related tc stoichiometry
or lack thereof in dolomite composition, to differences in Fez+ ana ani
content, or to the occurrence of zomes ot different chemicai composi-
tion within dolomite crystals. Tuis will be dealt with in more detail
in Chapter 5.

Figures 3. J, 3.14, and 3.15 are plots of some ot the data in Table
3.3. They shcw how positions of the first four carbonmate banas vary
with mineralogy, snd how samples clnster into groups in tnese plots
according to mineralogy. Here only omne fit to the spectrum for each
mineral was used, that selected as best according to the criteria dis-
cussed above, and each point reprosents one sample.

Figure 3.13 shows positions of thne centers ot bena 2 plotted as a
functiou of positicns of centers of bamd 1 for each sample. Here it can
be seen that although band 2 occurs st slaightly shorter wavalengths in
arsgonite spectra tham ir those ot calcites, calcites and arsgonites
fall together in one group, while the dolomites form a second. Figure
3.14 shows positions for bama 2 plotted vs. positions for bana 4 for
each sagple. This shows the trends in banad position discussed above ior
the different minerals, and shows that the three minerals fall into
three distinct groups. Figure 3.15 plots positions ot centers ot bards
3 and 4. Again the three mineral types cluster into separate groups.

Bana widths may also be unsed to distingunish carbonate minerals from
sach other, Figure 3.16 is a plot of the center ot banc 2 vs. the
width of bana 2. The samples again fall into three groups or different
minerslogy.

Iron Bands
Although variations ipn spectral properties with variations iz chem-

ical composition will be dealt with in detail in Chapter 5, a briet
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discussion of absorption features dune to the presence ot terrous irom in

calcite and dolomite is presented here, as these features can be used in

miverel identification., A broad bana centered around 1.0 um occurs in

some calcite spectra and all dolomite spectra in tnis study, but is

absent in aragonite spectra. We can infer that tais broad feature is

causes by the presence of Fez* because:

1,

Broad features in the 1,0um region in spectra ot other
minersls, most nctably pyroxenes and olivines, are attributed
to the presence of iron (Adams, 1974; Burns, 197U; Runciman
ot al., 1973; and others).

The common cccurrence of Fez* substituting for f32+ and Mgz+
in calcites and dolomites (Deer, Howie, and Zussmzn, 1962;
Lippmann, 1973; and others) makes it the most likely transi-
tion metal ion to result in such a commonly occurring absorp-
tion band.

Chemical analyses done by Hunt anc Salispury (1971) anc in
this stody indicate the presemnce o0t iron in minerals whose
spectra show these features.

Increase in intensity of tnis broad band is positively corre-
lated with increasing iron content .n Jolomites. (see Fig.
3.17).,

This feature is absent from ail aragonite spectra measured in
the course of this study (over 30 samples). The aragonite
crystal structore will mnot sccommodate Fez+ because or tae

small size of the cation, and bivalent iromn is not present in

suragonite samples (Lippman, 1973).

+
Absorption bands due to the presence ot Fe2 differ in position and

shape in calcite and dolomite spoctra. Figure 3.18 shows spectra of a
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ferroan calcite and a terroan dolomite. Note that this feature in cal-
cite is a brosd double bana centered at 1.3um while tnat in aolomite is
centered at =1.,2um. Althongh the dolomite [{eature is composed ot at
least two large bands, the splitting between the bands is not as markea
as in the calcite spectrum.

While particle size and pecking dotermines tne intensity of
features due to vibratioial processes of the carbonate radical, intensi-
tiecs of bands caused by transition metal cations are influenced by conm-
centration of the particular c-tion in the crystal as well. Figure 3.17
shows spectra of three dolomites containing differemt concentrations ot
iron, Note that the carbonate bands ir all three samples are of about
the same intemsity, indicating that the particle size distribution ot
the powdered samples are comparable. The irom bands, bnwever, are ot
different intensities, intensity increasing with Foz* concentration.

DISCUSSION

Carbonate Bacd Posjtions

Band positioms for carbonates in tnis spectral region reported by
previous workers are given in Table S. Although the positions reported
by Hunt and Salisbury (1971) for bands which correspond ton banas 4, 5,
snd 6 of this study are similar to those repcrted here, their reported
positions for bands 1 and 2 im both calcites and dolomites are at longer
wavelengths than those reported in this study. This may be due to some
difference in internal calibrationm of the instrument, or may result fzom
the different methods used to determine band position., Or, since Hunt
and Salisbury (i971) did not verify the mineralogy of tneir samples, it
may be doe to presence of mineral phases other than those assumed to be

present.
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Hunt and Salisbury (1971) report omly five bands in this spectral
region, while seven are reported here. [Hexter (1v¥58), Hurt and Saiis-
bury (1971), and Schroeder et gl1. (1962) pll noted that the two strong
bancs near .3 and/or 2.5um arc asymmetric with a saoulder on tne
short-wavelength side. In this study the shoulder om the bana in tne
2.3um regior has been resolved as band 3. It was not possible to fit
the 2.5um feature as two bands using the GFIT program, so that feature
was fit as one band. The absence of this extra band in the fits results
in the differences between the fit curve and the data seen in the 2.5um
region (see Fig. 3.5). Thus there are at least eight carbonate bands in
the NIR region. Plots such as Figure 3b incics'e there may be addi-
tional woak absorption features at wavelengths snorter than 1.6um, but
no attempt was made to tit thess. Since they are 30 weak. very coarse
samples will have to be used in order to study them. As msntioned
above, band 7 may actually be composed of two banas. Thus, the seven
bands reported give a minimum number for carbcnate banas in this region
of the spectrum.

Exact positinns of bands due to intermal vibrations of the car-
bonate radical may be a function Of the coordimation number ot tne
cation, the interatomic distances between nion e#and cation, the reducsd
mass of the cation, the radius of the cation, the electronic structure
or periodicity of the cation, and tne coefficient ot relative bornd
strenpgth, which varies according to the degree of covalency of tte bond
(Adler ard Eerr, 1962a,b; Povarencykh, 1978, snda others). The differ-
ences in csrbonate band positicns and widths in VIS ana NIK spectra of
sragonitss, ceslcites,and dolomites sbow patterns similar to those dis—
cussed by Adler and Kerr (1963b) ana Chester and Eldertield (1v67) for

the tundamental frequencies in the MIR region in transmission spectra.
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Bards in aragonites may occur at the same, longer, or saorter
wavelengths <uan equivalent bands in calcites. This retlects tne
difference in crystal stractere. In aragonites tne lowered site sym
metry leads to lifting of the degeneracies of tne UB ana O& funadamen-
+als, and doubling of these banis in MIR spectra (e.g. Adler ama Kerr,
1963b). This doutling of the fundamental bands may cause some oI tne
bands in aragomite spectra in the NIR to be broader than tneir counter—
parts in calcite spectra.

In general, all the dolomite banas in tne NIR occur at snorter
wavelengths than their calcite equivalents., This reflects the differ—
ence in chemical composition. The same is truez ot tne fundamental bands
in the MIR (Adler and EKerr, 1963a; Chester ani Eldertield, 1967; anda
others). These shifts in fundamental frequencies were found to corre-
late both with mass of the cation and ioric radius, Mg2+ having a
smaller mass sad radius than Caz+ (Adler and EKerr, 1963b).

Band Assignments

Infrared absorption by a molecule takes place whnen a photon
interacts with the molecule and raises im it from one energy level to
another (Barris and Bertolucci, 1978). In order for a vibration to be
infrared acitve , i.e., cause infrered light to be absorbed, the vibra-
tion must result in a change in dipole moment. Although it is known
that the absorption features deecribed here are due to vibrations of the
carbonate r.dicsl, the exact nacure of these vibrationai processes is
not agreed apon.

The literature on the infrared spectra of carbornate minerals, par—
ticularly of calcite, is voluminous. Hexter (1958, p. 280) states

"In the early history of infrared spec-—

troscopy, the mineral calcite played an
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imnortant par* in the developmert ot both

technique ana thesory. The availability

of excellent samples of the mineral and

the esse of sampling begged its examina-

tion by early spectroscopists. The ease

of manipulation of the classical eque-

tions of motion of its fundamertal unit,

the carbonate ion, made for reasomably

close agreement between its calculated

and obsecved vibraticnal spectrum. More-

over, its geometry, made ) recise wath

advances in structure determination by

X-ray diffraction techmiques, together

with the early but tncrough experimental

spectroscopic history of the mineral,

have make it a touchstonme in the applica-

tion of various modern tneories ot spec—

tra of the solid state.”
The vast majority of this literature deals with tne wid~ and far-
infrared (i. e., wivelengths longer than about Sum, where the funcamen—
tal vibrational modes of the carborate ion anac ot tne crystal lattice
occur.)

The free carbonate ion has 12 dsgress ot treedom, with six internal
or molecular modes resulting from distortion of tne carbonate radicat,
snd six external or lattice modes which ceflect translational and rota-
tional motions of the rigid ion., The ideal carbonate ion has point

group summetry D The six internsl fundamental vibrations are a sym—

3n°
metric stretch (Ul)' an out-of-plsne bend (Ui). a doubly degenerste
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antisymmetric stretch ((G). and 8 doutly degenerate in-plane bena (b%).
The (6. (6, and (Q are infrared sctive. The external modes of the free
carbonate radical are 3 translations alonz tne zx, y, anac z directions,
and 3 rotations sbout each of these axes. The three transiational modes
of the ion would be infrared active, bur tue rotstionmal modes would not
(Adler and Kerr, 1963a; Schroeder gt al., 1962).

When & molecule or molecular iocn is incorporsted into a crystal
lattice the number and frequencties of its furdamental modes may change,
and the infrared spectrum observed will not be tnat predicted by tne
simple free ion approximation. Its vibrations may now be viewed as tne
"motions of one molecule moving in a potential field reflecting the sym—
metry of the surrounding crystul” (Halford, 1946, p. 10). The carbonsate
ion in cslcite o~cupies a site of symmetry D3' The sitre symmetry for
the carbonate ion in dolomite is F, In aragonite the carbonate radicail
occupies a site of symmetry Cs {Adier and EKerr, 1963a; White, 1974). In
calcite-group minerals each catiom is surrounded by six oxygens, in
aragonite-group minerals by nine. There is & change in coordination of
cations around the oxygens from two—fold im caicite~group minerals to
three—fold in the aragomite gronmp (Adler and Kerr, 1963b; Lippmann,
1973).

Ia calcite, the site groop approximstion predicts that, as in tne
{free ion, (/,, (/,, and U& will be infrared sctive, and Ui wiil not. Both

2773
03 and U; will remain doubly degenerate. The approximate positions ot
these mode< have been reported by s number of workers (Adler and Kerr,
1962, 1963a,b; Chester and Elderfield, 1967; Huang and Eerr, 1960; Wear
and Lippincott, 1961; and others) apd occur approximately at the follow-
ing wavelengths: O& - 11.40pum, (6 - 7.00um, and U; ~ 14,05um. The 0&
mode, although theoretically infrared inactive, does cause a weak
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absorption bana. Coldsmith and Ross (1966) found tnat it occurred at
9.23um. Approximate positions for these same bands in dclomites are as
follows: U& - 11.36um, (G - 6.95um, (a'- 13.74unm. (G. is Rarman active
and Griffith (1970) determined it’'s position to be 9.10um. In aragonite
the lower site symmetry predicts the stiestching mocae, (Gf wiil become
infrared active, &na the degeneracies of tne O% and U& modes (antisym
wetric stretch and in-plane bend, respectively) will be 1liited
(Schroeder et al., 1962; Halford, 1946). Absorption banas corresponaing
to these f{undamental modes have been observed by several authors as
follows (ﬁ - 9.,23ym, (6 - 11.60um, (6 - 6.80um, and (a - 14,05pm (Adier
and Kerr, 1962, 1963a,b; Chester snd Elderfield, 1967; Huang 2na Kerr,
1960; Weir anc Lippincott, 1961; and others). The predicted splitting
of (/3 and U; have been observed by Schroeder et al. (1vel), Weir ana
Lippincott (1961), sad others.

In & carborate crystal, the carbonate iomn does not rotate freely.
One model of lattice motiors, perhaps the most frequently imvoked in
stuodies of carbonate minerals, suggests that rigid molecules or molecao—
lar ions undergo translational vibrations of their centers ot mass, sand
rotational vibrations about their centers of mass, thcse latter aiso
being called torsional oscillations or Iibrations. (Singh and Chaplot,
1982; Trevino et sl, 1974; Yamamoto ¢t al., 1775a,b). The bonding
between the carbon and three oxygens in the carbonate radical is strong,
the bonding between the carbonate ions and the rest of tne crystal lat-
tice relatively weak (Yamamoto et al, 1975a). Califano (1980) states
that it c2u be assumed that the carbonate radicals behave as rigid
bodies because the incernal and external frequencies are well separated.
If molecules possess very low frequency internal vibrationc they may

overlap in frequency with the lattice modes, in wnich case the rigid ion

model would not spply (Califano, 1980, p,223).
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The site group approximation for the carbonate iom in calcite
predicts four lattice modes, all of wnich are infrared active. Two are
translatioznal, two rotational. In arsgonite the site group approxime-
tion predicts six lattice modes, 1ll of which are infrared active (Hai-
ford, 1946; Schroeder et al., 1962) The lattice moces in carbonates
occur at very long wavelengths (longer thanm 25 um) while tne internal
fundamentals occur between 6 and 15um. Thos the lowest intermal vibra-
tional mode has about twice the frequency of the highest-frequency la:-
tice mode (Plihal and Schaack, 1970).

In actual infrered spectra of calcite and aragonites, a great many
more bands, including those which are the subject of tanis study, are
observed than are predicted by the above models. Another model used to
explain the many features fouad in infrared spectra of carbopates is tae
factor group approximation. in which the symmetry elements of the entire
unit cell. rather than just those of the site in wnict .ne carbonate ion
resides, are considered (Hornig, 1948; Winston and Halford, 1949), In
the factor group aspproximation, a band or line expectad in tns site
group approximation (U&. 0&. etc. above) may become duplicasted several
times, not to exceed the number of sites ip the amit cell, as s result
of coupling between the carbonate groups i< the primitive cell (Winston
and Halford, 1949),

Calcite has a space group symmetry of ng, with two molecules per
unit cell., The space symmetry of dolomite is lowered to Cgv. (Adler
and Kerr, 1963a; White, 1974)., Coupling between the two carbonate
groups in calcite-group minerals gives two sets of internal vibratioms,
one in which the two groups vibrate in phase, and a second in wnich they
vibrate out of pbase. White (1974) presents diagrams ot tnese modes.

Group theory gives the following irreproducible representations for the
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intramolecuisar vibrational modes in calcite and dolomite:

’ = ' ©
rint A1g+A1u+A2g+A2u+2“g+2Eu

and for the extramolecular or lattice vibrations:

rext B 2A2g*A1u+2A2n+2£g+3Eu

(Denisov ot al., 1982; Yamamoto ¢t al., 1975a,b) The A2u ana 2Eu

intramclecular modes and the 3Eu and 2A2u lattice modes are infrared

active {(Rutt and Nicola, 1974).

16 i
Arsgonite has symmetry Dzh' with four molecules per primitive nmit

cell (Adler and Kerr, 1963a; Frech et al., 1980; White, 1574). Coupling
between the tour carbonate groups results in each of the six funcametnal
modes ot the free ion appearing four times, giving 24 internal moaes.
The intesrnal optical modes predicted by the factor group approximation
have the irreproducible represerntations

[ =4 - -+
'interanl 4Ag+ZBlg+4B2g+ZB3g+2Au 4B1 2u 4B3u.

All of the g (gerade) modes are Raman active, and ajsl ot the u

+2B
0

(vngerade) modes except Au sare infrared active. The externsl optic

modes are
i"'“t=5A8+s32g+431g+433g+451u+3320+433u.

Again the g modes are Raman active, the u modes are infrared active

(Frech et al., 1980),

In the factor group spproximation there are etfectively ac selec—
tion rules governing combination and difference bands. Essentiszlly any
combination of the above bands is possible (Schroeder et a:., 1vos;
Winston and Hslford, 1949).

White (1974) gives an extensive review of work on spectra of car

- -
- -

bonate minerals in the MIR and FIR ne o thot
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Bana Position Band Assignment

Hunt and Salisbury (1971)

2.55pm (/1-'2(/3
2.35um 5(/3
2.16um (/14'2(/3+(/4

or 3(/1+2(/4

2.00um 2U1+ZU

3
1.90um (/1'*:(/3
Hexter (1958) 2.55um 20%+270+2x416
2.37um 2(/3+27U+3x416

Schroeder et al. (1$562)

2.54um

Matossi (1928) 2.533um 2(/34'(/1
2.,500um "
2.330um 3(/3
2.300um "

Table 3.5 Paund positions and assignments of previous workers for

caicite.
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Work done in the NIR (0.7 to 2.6um) is much less extensive tnan
that in the MIR and FIR. There is no concensus in the litsrature on the
sssignments for bands in this region, and no attempt is made at specific
band asssignments here. However, workers in tnis region of the spectrum
have nsed scme of the same models to describe the absorption features in
this region that asre used in the longer—wavelength studies. Ip tais
region there are no fundamental frequencies, and all banas are smms ot
two or more fundamentals. These bands are mucbh wesker than the funda-
mentals. Hadni (1974, p.46) states that ”"... three-phomnon processes in
general give an sbsorption coefficient ten times weaker than that for
two-phonon processes which are still ten times weaker than the classicatl
one-phonon processes.” A phonon is a qusntum of vibrational energy.

Hunt anc Salisbury (1971) measured spectra of a number of carbonmate
minsrals, and made tand assiguments assuming all bands were overtomes
and combination tomes of internal f{fundamental vibrations ot ¢tne car
bonate ion, using the fundamental band assigonments givem by the site
groap approximation. Their band assignments are listed im Table 3.5.
Schroeder ot al. (1962) used the factor group approximation. They made
no specific band assignments in this region, but concluded tnat banas
observed at about 3.0um could be explained by the same model tney pro—
posed for bands at longer wavolengths, i. e., they are summation banas
of fundamental frequencies (perhaps in this specific case the overtone
2(@) with soccessive levels of s low frequency (about 3Ocm-1) librating
oscillator. i‘exter (1958) concluded these bands were summation banas ot
2(6 plus two fundamental libration frequencies which he calculated to be
2'70cm-1 and 416cm-1. His band assigments are given in Table 3.5 as

well.
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A number of problems arise when tryimg to calculate bana assigments
in this spectral region by calculating sums ana multiples ot intermnal
and exterral modes reported in the literatura tor tone MIR ana FIK. Tbhe
principal problem is the lack of an adequate data set from wnich caicu-
lations can be made. A range of values fur the fundanental moaes, both
internal and external!, have been reporied in tne laterature. Chester
and Elderfield (1967) list many of the values tnat have been reported
for the internal fundamental modes. Some differences are relatively
small. Values reported for (a. for example, range from 710 to 715cm-1.
On the other hand, values reported for (6 rangs from 1418 to 1471cm"1.
Farmer (1974) notes differences betweon published valrss for measure-
ments made on powders and single crystals. Calibrstion proulems such as
that found to exist between the University of Hawaii ana University of
Washington instruments undoubtedly also occur between instruments work-
ing at longer wavelengths. Many workers do not verify the mineralogy of
the material on which measurements sre made, ana studies ot variations
of band positions with chemicsl composition are rare. When spectra are
taken at low (e.g. liquid nitrogen) temperatures, bands parxow and shar-
ven, and more bands become evident than are seen in room temperature
spectra (Hellwege et sl., 1970; Schroeder et al., 1962)

Although there is good sgreement on aszignments, if not the precise
positions, of the fundamental modes for calcite, there is etill debate
about the assignments for the weaker bands wnich occur w.ta the funaa-
mental modes in the MIR regior. Ner is there agreement on the mode or
degree of interaction between the internal and external lattice vibra-
tionms. White (1974, 1p.236) states "Hellwege et ai. (1y7vU) anma
Schroeder et al. (1962) presented measurements on high qual:ity single

crystals but the agreement betweoen them is surprisingly poor., Hellwege
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ot al. (1976) used oriented crystals with polarized IR measuremernts ana
determinsd more detail .... Hellwege ot gl. do not observe the regular
progression of satell te lines that form the main evidence for & set ot
harmcnics of a libratione] mode and instead assign tne banas to binmary
combinations of internal and lattice modes with aaditional structure
arising from the zone boundary phoncns.”

When reported values are used to calculate energies ot absorptions
dre to suwms of three or four fundsmentals such as those desalt with in
this study, the uncertainties are c~-mpounded. The models listed in
Table 3.5 all agree resopably well with band positions for calcite in
this region. Other workers have tried to apply a more complicated model
in the MIR ana FIR than those cited here (see for example Cowley ana
Pant, 1973; Davydov, 1962; Denisov et al.. 1982; Hellwege et al., 197u;
and others), However, thase workers haven’t made any assignments in the
NIR using this model.

MINERALOG ICAL APPLICATIONS

Positions of the carbonate banas are disgnostic of mineralogy. The

presence of iron banis, and their shape and position can also be used to

identify carbonate minerals of the calcite® group.

Band~band plots shown in Figures 3.13, 3.14, ang 3.15 are a con
venient way to display the data listed in Table 3.3 and discusszd above.
Figure 3.13 shows the position of the center of band 2 for each sample
plotted as a function of the position of the center of banmd 1. This
shows that the aragomites and calcites fall together in ome group, wnile
the dolomites cluster in a second group. Figure 3.14 shows band 2 plot-
ted versus band 4, Here the three minerals can be separatea into three
distinct groups based on band position. Figuore 3.15 is a plet ot

centers of bands 3 and 4, and shows that agsin the three minerals
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closter into separate groups. Thus while dolomites may be separatecd
from calcite and aragonite on the basis of the positions of bands 1 arnc
2 alone, oands 2, 3, and 4 are more utetul in distinguishing aragonite
from calcite.

Bard width may also be a usetul parareter in mimeral identifica-
tion, Figure 3.16 shows the position of bana 2 plotted egsinst the
width of band 2 for esch sample spectrum. Again tpe three minerals
separate into three distinct groups.

As described above, positions of bar is 5 through 7 also vary watk
mineral type. However, even small amcunts of water present as fluid
inclusions can cause apparent shifts in the positions of these banas. Or
if the water bands are strong enough they may domipate the spectrur ir
the 1.9%um region and masx the carbopoate bands entirely, so that only s
single feature at 1.9um can be seen in tne spectrum, rather than banas §
and 6 near 1.88 ama 1.99um respectively. <(see Fig. 3.19). The four
bards in the 2.0 to 2.5um region, Lowever, are relatively unatfected by
amourts of fluvid inclusions which this study imaicates are common, and
are sufficient for miperal identification. An example of thnis is shown
in Fignre 3.19. This fignre shows spectra of a dolomite and a limestone
from the Mississippian Lodgepole Formation in central Montaza. Although
water bands mask the carbonate bands in the 1.9um region, the stronger
bands at longer wavelengths can be used to distimguish the two samples,
even without the aid of the GFIT program. Additional features in the
spectra include a weak bana near 1.4um which is also due to the presence
of water (Hunt and Salisbury, 1971). The limestonme spectrum contains a
weak iron bacd near 1.3um. The absorption banas near 0.%um are probably
doe to Fe3+ in iron oxides (Singer, 1982) formed by weather.ng of prvrite

{Jenks, 1972). The dolomite spectrum shows no iron bands but does bauve
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s smooth drop-off at shorter waveleugths, the origin of wnich isn't
uncderstood at present.

The simple presence of an Fez* sbsorption band near 1.lum is indi-
cative of a calcite group mineral. However, the absence of an irom bana
does not necessarily indicate the sample belongs to the asragonite group,
as nom-ferroan calcites and dolomites are common. A broad double
feature centered near 1.3um is characteristic of Fez+ in calcite, wnile
a brosd double bana centered around 1.2um is characteristic of dolom-
ites. Thus these features, in additiom *to inaicating the presence or

ferrous ircn, can aid in mineralogical identification as well.
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CHAPTER 4

Differences im Spectral Properties

Related to Differences ia Mimeralogy

INTRODUCTION

In the preceding chapter the spactra! _roperries of the three most

common carbonate minerals were examined, and their spectral characteris-

tics were related to differesces in crystal structure and chemical com—

position. In this chapter the spectral properties of other common car—

bonate minerals will be examined. There are five common calcite group

minerals:

Calcite
Siderite
Smithsonite
Rhodochrosite

Magnesite

CaCo
FeCO
ZnC0
MnCO

M3C0

Dolomite (CnMg[C0312) will be included in this d_scussicv: as well.
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Commor aragonite group minerals include:

Aragonite CaCO3
Strontianite SrC03
Witherite BaCD3
Carussite PbCO3

This chapter will deal only with the spactral properties of end-
member carbonates. The effects of changes in chemical composition on
spectral characteristics will be dealt with in Chapter S.

Spectra of these common calcite and aragonite group mineral- are
shown in Figures 4.1 and 4.2 respectively. Samples used in this portion
of the study, and the lccalities from which they were obtained are
listed in Table 4.1, Positions of . rbonate bands determined from these
spactra are given in Table 4.2,

Two spectra each of calcites, aragonites, and non-ferroan dolomites
are included for comparison. Band positions for all minerals except
smithsonite, magnesite, and siderite were determined using the GFIT rou-
tine. Band positions given for these three minerals are estimates only,
made using a horizontal continuum., All smithsonite and mzgnesite sam-
ples obtained thns far appear to contain enough water to introduce
sbsorption featrs.. in the 1.4 and 1.9um regions of their spectra. As
was seen in Chap.:r 3, very minor amounts of water (a few hundredths of
a per cent water by weight) will change the apparent positions of car-
bonate bands in tke 1.9um region. Larger amounts of waler tintroduce
stronger features in this region. As s result of these stronger
features, the GFIT program fails to coamverge, and a precise fit can’'t be

obtained. T7The fits to the siderite spectra sre ostimates only, because
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Magnesite 2502  Modum, Norway
2506 Snarum, Norway
Dolomite 6509 Deep Springs, Inyo Couonty, C lifo:nia2
6514 Binnenthal, Telemark, Norway
Siderite 6515t  Morro Velho, Brazil® S
9504 Ouro Preto, Minas Gerais, Brazil
Calcite 1531 Chihuahua, Mexico6
1542 Egremont, England
Smithsonite 4505 Tsumeb, South Vest Africas
Rhodochrosite 3505 nnknowns 2
3507 Champion Miner, Lake Coraty, Colorado
Aragciite 10524 Spain

10530 Bilinm, Bohemia7

Strontianite 11502 Hamm, Westphalia6
11503 Strontian, Scotland

Witherite 13504 Bardin County, Illinoislo
13506 Minerva Mine, Haxdia Coumty, Illinmois

Cerussite 12502 Tsuomeb, South WesEOAfricas
12504 Mibladen, Morogco
12505 Kellogg, Idaho

1, Smithsonian Inst. #114955; 2. Minerals Unlimited, Ridgecrest, Calif.;
3, British Museum #1912,133; 4. Born Minerals, Smithtown, Long Island,
New York; 5. Nature's Treasures, Hawthornme, California; 6. Wards Netursl
Science Establishment; 7. Geology Dept., University of Iowa, Iowa City,
Iowa; 8. Scotch Rocks, Edinburgh, Scotland; 9. Excslibur Mineral Co.,
Dover, New Jersey; 10. Walstrom Enterprises, Carson City, Nevada;

Table 4.1 Mineral samples discussed in this chapter, and the localities
fiom which they were obtsined.
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Table 4.2 Positions in microms of carbonate bands in spectrs of common

carbonate minarals.,

- 68 -



|
Band - Band Differences, cm |
1

| |

| |

[ "Minerat | 1-2]2-3)3-4;4-5]5-6_

i magnesite i | | | | i

| 2502 | 343 | 137 | 220 | 397 | 326 |

| 2506 | 338 | 130 | 212 | 410 | 335
| | | |

} dolomite : | | | H 5

| 6509 336 | 138 | 171 | 445 | 286

| 6514 | 338 | 143 | 162 | 435 | 318 :

| A

| siderite i | | ] | i

6515b 337 | 147 | 140 | 444 | 276 |

: 9504 : 341 | 140 | 140 | 450 | 292 ,

| | | | | | |

| calcite | | | |

| 1531 | 340 | 137 | 191 | 410 | 306 |

| 1507 : 338 | 129 | 188 | 414 | 301 :
| | | |

| smithsonite I | | ] | I

i 4505 : | 166 | 180 | 390 | 305 :
| | | |

{ rhodochrosite : ] ] | ] I

} 3503 | | 123 | 159 | 475 | 280 |

L ! ! | | L

; aragonite i i | | ] i

10524 344 | 141 | 126 | 465 | 308

: 10530 } 340 | 140 | 115 | 473 | 318 l
] | | |

I strontianite ' | | ] | |

} 11502 ! | 144 | 134 | 431 | 287 |

| 11503 | | 144 | 118 | 450 | 275 :
| | | |

I witherito : | g | | }

| 12504 . | 136 | 154 | 437 | 288 |

I 13506 ; | 134 | 156 | 439 | 285 I
| | | ]

} cerussite } | | ] ] =
| 12502 I | 183 | 168 | 381 | 295 |
12504 | 225 | 147 | 361 | 284
12505 ] | 199 | 157 | 375 | 316 |

Table 4.3 Differences hetween centers of adjacent carbonate bands in
carbooate minerals spectra., Differences in inverse centimeters.
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it has not been possible to fit the iron bands. The iron bards in the
siderites are extremely strong, and it may be that they have begun to
saturate and are no longer gaussian shaped. This could be checked by
taking spectra of a very fine particle size fraction of a sample, or of
a sample mixed with halon, to weaken the absorption beature, and then
making in—1n plots like those shown in Figures 3.9 and 3.11. As can be
seen from Figures 4.1 and 4.2, in many of the mineral spectra, carbonate
band 1 occurs at wavelengths lonrger than 2.5um, and its center is not
covered by the dsta. For these spectra, only positions of bands 2
through 6 are given.
CARBONATE BANDS

Exsmination of Table 4.2 reveals a number of trends in these car—
bonate spectra. Samples sre listed in the table in order of increasing
wavelength for positions of bands 1 and 2. Differences in band posi-
tions befweon successive calcite group minerals are on the order of
0.01pym. Differences between succesive aragonite group minerals are much
larger, ranging from =0.02um up to 0.07pm.

Table 4.3 shows differences between successive band positions,
differences between band 1 e2ad band 2, band 2 and band 3 and so on for
each mineral spectrum. These are given in cu_l, which is proportional
to snergy.

Within the aragonite group minerals these differences in energy arce
quite similar for the first three minerais - aragonite, strontianite,
and witherite, with the exception that the difference between band 3 and
band 4 incresscs down the list. Cerussite is anomalovus, and does not
follow the patterm characteristic of the others.

Few orderly trends can be discernsd in energy differences botween

absorption bands for the calcite group minerals. Im genersl, the
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differences between bands 1 and 2, and between bands 4 and 5 are laxger
than the others. Differences between bands 2 and 3 are generally the
smallest. Di< erences in energy between other bands show a range of
values. There are several possible reasons for this. The apparent lack
of clear trends among some of the bands may be due to the different
degrees of distortion of the lattice in different minerals (see below).
Or it may be due tc variationms im chemical composition, ard the fact
that many of these minecrsl samples are not pure end members. The possi-
ble presence of water bands in some spectrs certainly complicates the
pattern, as this can cause shifts in the spparent positions of bands in
the 1.%um region.

On the other hand, the apparent lack of crder msy be due at least
in part to uncertsinties in the positions of some bands in spectra which
could not be fit using GFIT,

Differences in spectral propssties among the different carbonate
minersls may be attributed to a number of causes. Adler and Kerr (1963)
and Weir and Lippincott (1961) believed that C-0 distance in the car-
bonate radica! would prove to be the primary factor in determining posi-
tions of the fundamental modes. However, Effenberger ot al. (1981)
found by single crystal X-ray studies of calcite group minerals that
“the variation of the C-0 bond length in this group of minerals is very
slight, if at all real” (p.235). They found these distances to be (in
Angstroms, p.238):

magnesite - 1.2852
calcite - 1.2815

rhodochrosite — 1.2867

siderite - 1.2869
smithsonite -~ 1.2859
dolomite - 11,2853
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When & correction for riding motion is made these differences are
(p.238):

magnesite - 1.2873

calcite - 1.2%02

rhodochrosite — 1.2898

siderite - 1.2895

smithosonite - 1.2881

dolomite - 1,2895
Greater bond lengths should result in bands shifting to longer
wavelengths. Neither of these sets of values correlates precisely with
bands positions reported by Adler and Kerr (1963) for the MIR, nor with
band positions for the NIR reported here.

Since the size and symmetry of the carbonate radical is essentially
the same in all carbonate minerals (Reeder, 1983; Speer, 1982), snms
other factor must be invoked to explain these differences in spectral
characteristics. A possible explanation wovid be the differences in
crystal structure between calcite group and aragonmite group mimerals.
The carbonate radical in these two mineral groups resides in sites and
unit cells of different sizes and symmetries. This may explain some of
the differences observed. However, if crystal structore and site sym—
metry were the only factors influencing spectral propertiss of these
winerals, they would cluster into junst two groups. The calcite group
minersls would all have the same spectral properties, and the aragonite
group would form anothe: nniforn set.

Since tl]l differences in charactrristics of tde vibrational abscrp~
tion features in different mineral spectra can’'t be explained by differ-
ences in the ~arbonate radical, dirferences in spectral characterisitcs

must be related to differences in the major cations in these minerals.
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Povarennykh (1978) states that the main factors which affect the
positions of absorptiom bands in the infrared spectra of minerals are
those factors which determine the relative stremgth of the chemical
bonds between adjaceant atoms., These factors are: the valences . © the
cations and aniors, the coordinaticn number of the cetion, the reduced
mass of the cation (the sum of atomic weights of a given cation and of
all the snions thst coordinate it), and the degres of covalency of the
boed (Povarennmykh, 1978).

The valence of the cations and anions are the same in all these
carbonate minerals, The coordination number of the cation is six in the
calcite group minerals, and aine in the aragonite 3roup minerals.
Povarennykh (1978) states that in genersl vibrations shift to higher
frequencies (shorter wavelengths) with decreassing coordinstion number.
Althoungh this is true in a genersl way for the carbonate minerals, there
sre many areas of overlap between band positions in mineral spectra of
the two groups, and other factors must be imvolved.

Many properties of carbonate minerals are considered to be a func-
tion of the size of the major cation, which would lergely conirol the
cation - anion (M-0) bond length. Adler and EKerr (1963) in a study of
this same group of minerals in the MIR (5 to 15um) found that threo of
the four intarnal fundamentals (05 being tbo exception) shifted to
shorter wavelengths with decrease in cation radius. They concluded that
vhile frequency changes might be correlated with veriation in the ionic
radius of the cation, this relatioanship was dependent on the electromic
periodicity »of the elements involved. Adler and EKerr (1963) stated
that these minerscls fall into three subgroups, calcite, stromtianite,
and witherite in the aragonite group, and magnesite, dolomite and cal-

cite, and siderite, rhodochrosite, aund smithsonite in the calcite group.
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Trends in the relationships between band position snd cation radins
could be defined within these groups, but not between them.

Figures 4.3 and 4.4 show average M-O bond length and cation radius
plotted against the position of band 2 for the common carbonate
minerals. Values for M-0 bond length and cation redius were taken from
the review articles of Reeder (1983) and Speer (1983). Band positions
used are averages of the values given in Table 4.2. Band 2 was used
because it was felt that ils positicn could be determined with the
greatest degree of confidence. As can be seen from Figures 4.1 and 4.2,
band 1 is centered outside the wavelength range of this study for many
of the mineral spectra, and so cannot be unsed. Band 2, oa the other
hand, could be detemmined for al! spectra. Band 2 is an order of magni-
tude strounger than bands 3 through 7 in these spectra. Baads 3 and 4
overlap, and therefore their positions as detsrmined by GFIT are more
sengitive to changes in continuum slope than positions of bamds 1, 2,
5, snd 6. For several minerals, bands § and 6 in their spectra occur in
the 1.9um region affected by water bards. Since some of these mineral
spe>tra may coatsin water features, pusicions determined for bands 5 and
6 may be shifted from their true values.

Plots for MO bond langth (Fig. 4.3) and cation radius (Fig. 4.4)
are very similar, ax would be expected. If smithsonite, rhodochrosite,
and cerussita are removed from the picture, there is a rcugh correlation
betw. on baud position and MO bond length and cation radius.

Povarennykh (1978) states that increase of atomic mass in minerals
causes absorption features to shift to lower (f{requemcies ({(longer
wavelengths). Figaure 4.5 shows cation mcss plotted against the position

of band 2. The corrglation here is quite grod. Magnesite (Mg),
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siderite (Fe), strontianite (Sr), witherite (Ba), and cerussite (Pb) all
fall approximately along a straight 1line. This trend spans the two
mineral groups, and seems to tramscend differences in crystal structure.
Although calcite ard aragonite do not fall directly on this line, it is
worth noting that while M-O bond lengths and cation radii of the two are
quite different, the cation masses are, of course, the same. Their car-
bonate band positions are very similar, again suggesting that mass,
rather than cation size. is the dominating factor.

Smithsonite (Zn) and rhodochrosite (Mn) fall below the lime along
which the other minerals lie, This may be attributable to the small
radii of these ions, which offset them from the general tremd followed
by the others in the cation radius and M-0O bond length plots.

The slightly anomalous behavior of calcite and aragonite is puz-
2ling. Perhaps it is related to the fact that the radius of C12+ lies
at the upper and lower boundaries which can be accommodated by the cal-
cite and aragonite structures, respectively, which results in greater
distortion of the crystal lattice.

Adler and Kerr (1963) suggested that electronic structure of the
cation might be another factor in determining band positions. Elec-
tronegativity, the power of asn atom to attract electrons, was included
in the discussion here as one expression of these differences. Values
for electronegativity are as quoted in Berry ¢t al., (1980). Figure 4.6
shows electronegativity plotted against the position of band 2 for each
mineral.

From Figures 4.3 through 4.6 it would appear that the major factor
controling positions of absorptions due to vibrations of the carbonate
radical in this wavelength region i3 the mass of the major cation. Hew-

ever, the correlation with cation mass is not perfect and other factors
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are involved. The most important of these secondary factors appesrs to
be M-0 bond length.
TRON BANDS

Ferrous iron is the major cation in the mineral siderite, and can
substitute for the major cation in any of the other calcite group
minerals (Deer, et al. 1962), Thus spectra of amy of the calcite group
minerals may contain absorptions due to F02+. and spectra containing
absorption features at:ributable to ferrous iron were found for each of
the common calcite group minerals examined in this study.

Bonds between metal cations and the carbonate groups in these
minerals are ionic (Hurlbut, 1965; Mason and Berry, 1968). Thus crystal
field theory should be adequate to explain many of the spectral charac-
teristics of iron absorptions in spectra of the rhombohedral carbonates.
In an isolated transition metal ion all of the five 3d orbitals have the
same energy (are degenerate), and electrons in an isoluted transition
metal ion have an equal probability of being located in any of the d
orbitals. VWhen the transition metal ion is incorporated into a crystal
structure, the five degenerate d orbitals are split by the non—<pherical
electrostatic field of the surrounding ligands {(Buras, 1970). In an
undistorted octahedral site, F02+, which has a 3d6 configuration, will
have one absorption band due to a Laporte-forbidden transition 5T53_>
STg near 1.0pm (Burns, 1970; Ballbausen, 1962). If the octahedral site
is not symmetric, degeneracies of the tz8 and eg orbital groups will be
lifted, and more bands will be observed. For Fez+ in squeous solution,
the Jahn-Teller effect causes splitting and the formation of a double
band (Bellhauser, 1962),

The number, positions, and intensities of absorption bands due to a

given transition metal ion depend on the type, position, and symmetry of
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the surrounding ligands (Burns, 1970). 1In the calcite group minerals,
all cations occur in octahedral sites, coordinated by six oxygens. Thus
the principal variable affecting absorptiors due to F02+ in spectra of
thase minerals will be the size and symmetry of the octahedral site.
Table 4.4 lists the values for octahedral volume, average M-O bond
length, and quadratic elongation of the coordimstion octahedron for each
calcite group mineral, as given in Reeder’s (1983) review paper. Robin-
son et al. (1971) found quadratic elongation to be the most useful

quantitative measure of polyhedral distortion., Quadratic elongation for

octahedra was def ined as

6
hoee™ 2 (1,/1)°76
i=1
where 1o is the center-to-vertex distance for anm octshedron with 0h sym—
metry whose volume is equal to that of the distorted octahedron with
center—to-vertex distance 1i (Robinson et al., 1971),

Figure 4.7 shows iron bands from spectra of each of the commonly
occurring end member calcite group minerals, and dolomite. 7Two possible
candidates for iron bands were found in calcite and smithsomite spectra.
The best choice for Fe2+ absorptions in these minerals are shown in Fig-
ure 4.7. The reasons for this selection are discussed in Chapter 5,
where variaticns in spectral properties with variations in chemical com-
position are discussed. These F02+ bands differ in shape and width from
one mineral spectrum to annther.

Smithsonite, the mineral with the smallest quadratic elongation
(QB), .i .e, the least distorted octahedral sites, has the narrowest Fe
band, which is close to being the single band predicted by theory. Mag-

nesite and rhodochrosite, with slightly larger QE, also have narrow Fe



Octahedral Volume QE M-0 Bond Length
(Angstroms) {Angstroms)

Magnesite 12.40 1.001 2,102
Siderite 13.12 1.0013 2.145
Calcite 17.46 1.002 2.360
Smithsonite 12.52 1.0008 2.111
Rhodochrosite 13.99 1.0009 2.190
Dolomite

A~site 17.92 1.0016 2,38

B-site 12.04 1.0008 2.08

Teble 4.3. Octahedral volumes and quadratic elongation
for common calcite group minerals (from Reedsr, 1983).
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bands, although there is stronger evidence of splitting and the
existence of two separate features. Calcite and siderite, with the
largest QF, have the broadest bande. The Fe band in the calcite spec-
truoe shows s marked splitting into two features.

The position of an absorption band reflects the energy difference
between the tzs and eg orbitels, or crystal field splitting. One factor
which detemines the amount of splitting is the distance between metal
and ligand, with smail differences in the interatomic distances leading
to large increases in the splitting (Burns, 1970). M-O bond lengths and
octahedral volumes for each mineral are given in Table 4.4,

Iron bands for smithsonite and magnesite, which have the smallest
M-0 distances and octahadral volumes occur 2t the shortest wavelengths
(highest energies). Calcite, with the largest M-0O distance, has its Fe
band situated at the lomgest wavelengths. The other Fe bands ocrur at
intermediates wsvelengths, in essentially the order that this model
predicts.

The Fo band in dolomite is somewhat harder to explain. It is gen
orally assumod that Fez+ substitates for M52+ in the dolomite struncture
(Reeder, 1983). This is the B-site, which, as can be seen in Table 4.4,
has the smallest octahedral volume and QE of amy of the sites in these
minerals, However, the Fe band in dolomites shows definite doubling,
and is centerad at longer wavelengths than the F02+ bands in smithsonite
and magnesite. Introductiom of F02+ into the dolomite structure causes
distortion of the cation octahedra {Rosemberg and Foit, 1979), which may
tasult in the observed splitting of the Fe band. It is also possible
that F02+ msy occupy more than ome site in dolomites. Reeder (1983)
notes that while majority opinion favors the B~site as the most probabie

site for the 1location of Fe2+. no systematic studies of site
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distributions in ferroan dolomites have been dcne. Structural data on
-0 bond lengihs and some bulk chemical analyses indicate some Fez+ may
substitute for C12+ in the A-site (Reeder, 1983). Although the amount
of F02+ substituting into the A-site may be small, carbonmates are so
transparent in this region that very miror amounts of Fe in the A-site
could contribute featunres to the dolomite spectrum. Thus, the anomalcus
appsarance of the Fe band in dolomites may be due to comtributiom of
features from Fe2+ in two sites rather than onme.
WEATHERING

The way in which minerals alter canm aid in their identification.
Ferroan dolomites are unstable under earth surface conditicns (Rosenberg
and Foit, 1977) and will alter to form iron oxides which give dolostones
the buff color that chsracterizes them in outcrop (Pettijohm, 1975).
Figure 4.8 shows spectrs of weathered and unweatkered ferroan dolomite
(sample #5501 and 6515a, respectively). The presence of irom oxides in
5501 masks the Mn2+ bands and the 0.63um band which can seen in the
spectrum of 6515a. Irom oxides greatly intemsify the drop-off into the
UV, lower the entire short-wavelength end of the curve, and add an
absorption band aear 0.5um.

Siderites are very unstable under earth surface conditions and
readily alter to form irom oxides. When seen in thin section, siderite
is commonly stained yellow—-brown by oxides along crystal borders «nd
cleavage traces (Psttijohn, 1975). Figure 4.9 shows spectra of a series
of siderites which have been altered to varying degrees. Even the
freshest of these shows absorption features due to Fe3+. These occur in
the sameo region of the spectrum as an* bands. These features are dis-
cussed in greater detail in Chapter 5. Spark spectrometry indicates

that all these samples contain Mn2+. and the first spectrum shows
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sbsorption features due to both Mnl* (bands near 0.48 and 0.45um) Fe3+
{bands near 0.6 and 0.5). This spectrum also skows the 0.63um band
which may be dus to F02+ (see Chapter S for discussion’. Spectra of
more intensely weathered spectra contain greater proportions of ironm
oxides, which dominste the short wavelength portion of the spectrum.
Iron oxides absorh stroagly in the VIS portion of the spsctrum, but are
quite bright i. the NIR (Singer, 1982). Thus, although the Fo3+ bands
are very strong in spertza of the intonsely asltered samples, the car
bovate bands which occur at longer wavelengths can still be seen.

In addition the iron oxides contain some water. This is reflected
in the change in rhape of the curve in the 1.9um region. In the first
spectrum the two carbonate bands canm be cleerly distinguished. However,
as the intemsity of the alturat’ n incresses, the carbouate bands are
nasked vy the water band and there is a single ssymmetiric featurs in
this region.

MINERALOGICAL A]PT.ICATIONS

As discussed in Chapter 3, calcite, aragonite, and dolomite can be
identified by the’r spectrsl propterties in the VIS and NIR., Can other
carbonste minerals be distinguished in thjs way?

It was found that positions and shapes of carbonate bands can be
used to distingnish calcite, aragonite, and dolomite. Carbonate band
positions should be sufficient for distinguishing some of the other car
bopate minerals xs well. Absorption bands in magnesite and dolomite
spectra occur at shorter wavelengths than carbonate bands in any of the
other cerbonate minerals. Studies thus far indicate that all carbcnate
bands in magnesite spectra occur at wavelengths 0.01 to 0.02um shorter
than equivalent bands in dolomite spectra, and shoul. be sufficient for

identification,

® )



Carbonate bdands in spectra Of witherites and certssites occur st
longer wavelengths than thnse in spectra of anmy othrr common carbonmate
minerals, and also should prove sufficient for ideantification. Differ—
ences in band positions betweer witherite and cerussite spectra are
marked, as can be seen in Figure 4.2, Those differences range from 0.04
to 0.07um.

As was seen in Chapter 3, absorptions dus to transition metal
cations can also aid in mineral identification. Since substitution of
these cations for the major cations in aragonite group minerals is very
limitead {Deer gt al.. 1962; Speer. 1983) the presenze of these absnrp-
tion features in a mineral spectrum indicate the ninercl belongs to the
calcite group. The precise position and shape of these bands can help
distiaguish the calcite gioup. The precise position and shape of these
bands can help distingrvish onme mineral from another. The differences in
shspes and positions of irom bands in different calcite group minerals
discussed above are an exaaple.

Carbonate bands in siderite spectra also cccur 2t wevelengths which
show little overlap with positions of csrbonate bands of other coumon
carbonates. In additicn, siderites have the extremely strong iron band
whick is diagnostic.

In rheodechrosite spectra studied thus far, the cacbonate band posi--
tions vary considerably, and are similar to those in smithsonite and
strontianite spectra. However, these bands do identify the minersl as 2
carbonste, and the strong Mn7 bands are diagnostic.

Bend positions for calcite and aragonite are similar, but as was
seen in Chanter 3, detaiied analysis of band positions ellows the two to
be distinguished. A similar situation probably exists bdetween strom

tisnite and smithsonite. Carzbcnate band positions are not strikingly
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different, and their major cations do not have any ahsorptioan features
which make their spectra distinctive., However, carceful examination of
the spectra of these two minerals shows that diffecvancer ia “and posgi-
tions do exist, For exaxple, band two in the strontiaonite spectra
occurs at shorter wavelesngths and ix narrower than the same band im the
smithscrite spectrum. In ad.:itien, suobstitution of tramsition metal
cations for the major cation in smithsonites is a commou phenomencn,
while such suobstitutions in stromtismites should be relarively rare
(Deer 9t al., 1962; Speer, 1983)., Presence of absorptios feattres dne
to F02+ and other transiticn metal cations will aid in identification of
smithsonite.

At this time tho lack of good spectra limits what can be said sbout
carbonate bands inm smithsomits spect:-a. More spectra, prefsrrably of
wator—-fres samples., will be needed to characterize the aspectzal proper
ties of smithsonites, and determine what spectral characteristics aze

most useful for mineral identification.
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Variations in Spectrsl Properties vith

Variations in Chemical Composition

INTRODUCTION

In chapters 3 and 4. it was shown that reflectaunce spectroscopy in
the VIS and NIR can be used (o derive information about the mineralogy
of carbonates. This chapter will deal in greater detail with the chemi-
cal information which can be obtained from refloctance spectra.

Information on the chemical composition of «carbonates can be
obtained from reflectance spectra. In Chapters 3 and 4 the absorptions
due to Fe2+ wore examined. The etfect of variations in i1ron content, as
well as the effects of variations in the concentrations of other cations
on carbonate spectra in the VIS and NIR region of tne spectrum will be
examined.

Reflectance spectroscopy in the VIS and NIR can also be used to
determine the valence of transition metal cations occurring in carbonate
minerals., Charge balance requires that all major cationms in carbonates
have a charge of +2, and studies by electron paramagnetic resonance
(Wildeman, 1969) and Mossbauer spectroscopy (Takashima and Ohashi, 1968
indicate that for Mn2+ and F52+ at least, this is tne case. However,
there is little other direct evidence for the divalent state of cationms
in carbonates.
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There are eight nsturally occuring rhombonedral anbydrous single

carbonates (Reeder, 1983):

calcite CaCO

magnesite Mgcog
siderite FeCO3
rhodochrosite MnCO3
otavite CdCO3
smithzonite ZnCO3
sphserocobaltite CoCO3
gaspeite NiCO3

In addition there are several ordered double carbonates, of wnich dolom-
ite [CuMg(C03)21 and ankerite (Ca(MgFe)(COa)zl are the most common,
Others include kutnahorite [CaMn(CO,),] and minrecordite (CaZn(CO,), !
(Reeder, 1983).

Calcite and dolomite are the most abundant csrbonate minerals,
accounting for more than 90% of naturally occurring carbons. 3s. Solid
solction between aragonite group minerals is limited, and inv Ives only
Ca, Sr, Ba, and Pb (Speer, 1983). For these reasons, this cbupter waill
deal only with carbonate group minerais, and the bulk of the discussion
will deal with calcite and dol:wite, Although gaspeite and sphaero—
cobaitite are rare and samples of tnem could not be obtained for this
study, their major cations have absorpticn features in the VIS and NIR
regions of the spactrum, and occur in solid solution in other calcite
group minerals.

Formation of isomorphous solid solutions is common in calcite-group
mirerals, the degree of miscibility between end-member carbonates being
largely a function of cation sizes (Reeder, 1983). Smail ditferences
in cation radii, e.g. Fez+ and M52+. Fez* and Mn2+, and M52+ and Mn2+,
lesad to complete miscibility, while larger differences in cation radii,

+ 2+ +
i. e., between Caz+ and M32+. N12 and Mg , Ca2 and Fe2+. C32+ ana
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an+ and C32+ and N12+. lead to limited miscibility (Deer et al., 1962;
Goldsmith, 1983; Reeder, 1983). Goldsmith (1983) gives a tnorough
review of phase relations of rhombohedral carbonates.

There are iew published studies of spectral properties ot car
bonates in this wavelesngth region. However, information om spectra of
transition metal cations may be obtained from measurements of spectra of
agqueous sointions of these cations. The number, positions, and inten-
sities of absorption banas due to a given transition metal ion depend on
the type, position, and symmetry of the ligands (Burms, 1970), In ca.-
cite group minerals, all cations are surrounded by six oxygens forming
slightly distorted octahedral sites (Reeder, 1983), Transition metal
cations in aqueous solutions form hexsquo complexes, which also have
approximately octahedral symmetry and in which the oxygen atam is the
nesrest neighbor of the cation (Berry et al., 1980).

Transition metal cations which «can cause crystal field absorptioms
in this region of the spectrum in the divalent state are T12+. Vz*.
cret, M2t Feot, co?t, Ni?', ana Cu®? (Burms, 1970). Of tnese cations.
those which form stable end-member carbonate minerals and which occur in

: . 2+ 2+ 2+
solid solution in common calcite-group minerals are Mn , Fe , Co

and
Ni2+ (Reeder, 1983)., It should be possible to eliminate Tiz+ and V2+
from the discussion here, as Ti2+ complexes are very unstable
(Ballhausen, 1962) znd Vz+ is rare. Table 5.1 gives some o1 tho data on
absorption features in the VIS and NIR due to transition metal cations
in carbonates, in solutions, and ipn hydrsted compounds in wnich tne
cation is in octahedral coordination by water molecules,

Other cations of end—-member calcite—group single and double car

2+

2+ 2+ 2+
bonates (Ca” , Mg~ , Cd" , and Zan ) do not absorb in tnis region

(Burns, 1970), but may atfect spectral properties of carbonate minerals
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Cation Form Band Position Source

~3

ot 4 19,250
20,800

22,875

CoCO

Co(H20)§+ 8,100
19,400

CoSO4.7HZO

8,350

C°(H20)§+
20,000

8,500
13,500
15,400
25,300

Ni(E. 02"
MY

2+
Ni(HZO)g
13,500
15,400
25,300

8,000
14,000
25,300

. 2+
Nz(Hzo)6

8,600
14,700
25,506

NiSO4.7HZO

2+ 9 2+
Cn(ﬂ20)6 9,430

12,660

CuSO4.5H 0

» 0
) 13,30

e e ———— e
e U]

I
!
[
I
I
|
I
|
|
I
I
I
}
I
I
I
I
|
|
8,500 ] 9
I
I
I
!
I
!
I
I
!
I
1
I
I
I
|
I
|

prons e st i e e (e r— - G— — ——— — — — — — ———— — — ———" — Camh e M R ENE G G G T S S— e — — —

1. Holmes and McClure (1958); 2. Ballhausen (1962); 3. Hunt and Salis-
bury (1971); 4. Jorgensen (1954); 5. Heidt et al. (19Y59); 6. Jorgensen
(1955); 7. Cotton and Meyers (1960); 8. Le Paillier-Malecot (1y83); ©.
Jorgensen (1956); 10, Bjerrum et al. (1954)

Table 5.1 Data from the literature on number and positions ot absorp—
tions due to transition metal cations. Band positions in inverse cen-
timeters.
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in other ways. The etfect of both tramnsition and nop-transition metal
caticns on the spectral yproperties of carbonates wiil be discussed
below.

MAGNESIUM, Mg2'

Hizgh magnesian calcites are important constituents of mcdern marine
sediments (Milliman, 1974). Therefor it wonld be highly desirable to
determine the effect of solid substituticn of Mg for Ca in calcites on
their spectral properties. Unfortunately, Mg2+ itself has no charac-
teristic absorptions in this region, and information on M32+ can only
be derived from the carbonate bands, All the high Mg calcites studied
thus far contain water {(see Chapter 6), and the stromg absorptions due
to water have made it difficult thus far to do any detailed studies of
the changes of spectral properties of calcite with variations in Mg2+
content.

Figure 5.1 shows spectra of a low Mg calcite (Crassostrea) and a
high Mg calcite (Echinometra). Despite the strong water bamas, it can
be seen that the strongest carbonate band, band 1, occurs at shorter
wavelengths in the high Mg calcite than the same band in tne low Mg cai-
cite spectrum. This is typical of spectra of biogenic high Mg caicirtes.

The shift of the csarbonate band to shorter wavelengtbs with
increased M32+ content is in accord with the fact that carbonmate banas
in dolomite [CaMg(COs)zl and magnesite (MgCOs) spectra occur at shorter
wavelengths than those in calcite spectra (see Chapter 4).

Before more detailed studies cam be done, some means of isolating
the spectral component due to water in these spectra must be developed.
Blake (1983) used the LOWTRAN model to remove etfects ot absorptions due
to atmospheric water from remotely obtained spectra. Similar correc—

tions for absorptions due to liquid water in laboratory spectra should

al1so be possible.

- 96 -



Q
Q
-;FTI T ¥ fT 1 R T 1 TTﬁ‘r T FT T T
i -
CRASSOSTREA
S VESICULAR LAYER _
® 'x
- \v\ i
- e \ ]
¥
& ]

ABSOLUTE REFLECTANCE
@.992

8.70 0.8
T |

)
I

\
: ‘E
= ‘x ‘~ 7
\ \ LV
xd

ECHINOMETRA \

I
/ \

3 ’ 4

e l 1. ke b l i i Li el 4 i L;#

Figare 5.1 tpectra of biogenic high Mg (Echinometra) and low Mg (Cras-

sostrea) ca'’cites,

1.20 1 68 2.0 2. 48
WAVELENGTH IN MICRONS

showing difference in position of carbonate bana 1.

_9?-



COPPER, Cu®®

As mentioned in Chapter 4, two absorption features observed in cal-
cite spectra in this study were possible choices for Fe banas. Both
occurred near 1.0pm, where Fe bands commonly occur. However, Cn2+ in
aqueous solutions alsc gives absorpticns between 0.7 ana 1.0um (Bjerrum
et al., 1954; Holmes and McClure, 1957). Positions ot sbsorption banas
due to transition metal! cations can vary widely, depending on the size
and symmetry of the site in which the ion occurs. For example, altnough
bands due to Fe2+ generally occur in the 1.0um region, pyroxemc spectra
have an absorption featvre due to Fez+ near 2.0um (Adams, 1975). Thus
band position alone can’t be used to assign & new absorption feature to
4 given cation,

Cu2+ has =2 3d9 electronic configurationr, and in an undistorted

6 3
octahedral site has a 2Eg (tzg) (eg) ground state. The omnly excited

5

state is ZT ( ) (eg)4 (Ballhausen, 1%962). The 2Eg state is suscep—

2g ‘g
tible to a strong JahnTeller distortion, and no regular octahedrally
coordinated Cu2+ complex should exist (Ballhuusen, 1962). This mechan-
ism is invoked to explain tae fact that there are no naturally occurring
anhydrous copper carboanste minerals (Reeder, 1983). There are two
hydroxyl-bearing copper carbonate minerals: malachite and azurite. Data
cn their crystai structure is summarized by Andersen (1978). The copper

ions in malachite (Cu,COa[Oﬂlz) occur im two axially elongated

2_ -
octahedral sites, ome coordinated by four CO3 ana two OH ioas, the

3
absorptions due to Cu2+ near 1.08um, 0.77um and 0.45um. Copper ions in

other by two (O and four OH ions The spectrum of matachite has

azurite (Cu3[C03i2[0H12) also occur in two different sires, wnich are so
distorted that one is essentislly square planar, the other a square

based pyramid. Azurite has two absorptions due to Cu2+ near 0.77um ang
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0.62um (Andersen, 1978). dunt and Salisbury (1971) found maiachite ang
azurite spectra to have s band centered near 0.8um, ana a rail-off 1imto
the UV beyond 0.52um in malachite spectra, and beyond 0.45um in azurite
spectra,

Unfortunately the existence of two distinct sites for copper in
these minerals, and the large degree of distortion of the sites in wnich
the Cu2+ resides make close comparisons between absorption features due
to Cu2+ ir m:lachite and azurite spectra anmd in calcite spectra of lim—
ited value. It would be anticipated that Cu2+ in aqueous solution would
be a much better anslogue. Bjerrum et al. (19Y54) found tnat an absorp~
tion spectrum of aquecus Cn2+ bas a broad feature wnich cam be resolved
into two gaussian curves centered at 0.7% ana 1.06um.

The calcite spectra shown in Figure 5.2 have absorption bands near
0.9um which are due to copper. Localities for samples discussed in this
chapter not included in preceding tables are given in Table 5.4, As
mentioned above, an absorption feature in this region could also be aae
to Fe2+. a cation which is raported to occur much more commonly in solid

2+ +
solution in cglcites than is Cu . In fact substitution of Cu2 for

C32+ ia calcites is not even discussed in review articles ard summaries
on carbonate chemistry by Deer et al. (1962), Goldsmith (1983), Lippman
(1973) or Reeder (i983). This particular absorption feature was found
in the spectra of five of the calcite samples unsed in this <tudy, and it
would be logical to attribute such a common feature to a common ion,
such as Fﬁ2+. However, all five of tne samples which show this feature
are from Arizona, and four are from Bisbee, the site of large copper
mines. Palache ¢t al. (1951) note that crystals aad stalactites from

this area are sometimes colored green by malachite inclusions, Anthony

et al. (1977) also note that calcitas from tne Bisbee area contain
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copper salts., Atomic absorption analyse:. of four of these samples
(1511, 1512, 10527, and 1504) indicate that they contain copper.

Negative evideuice slso supports the assignment of this feature to
Cu2+. X-ray flourescenca and atomic absorption analyses of some ot tne
samples containing this feature indicate the F02+ content of these sam-—
ples is very low. Atamic absorption analysis ot ““e same three samples
analysed for coppsr indicate they contain less than 0.005% Fe by weaight.
This concentration of Fe is below the detection limits determined for
Fez+ in dolomite and calcite spectra (see below), ana other caicites
containing similar amounts of Fe have no absorption features in tnis
region. In addition, this feature does not fit the trends for snapes
and positions of Fe2+ bands in rhombohedral carbonate mineral spectra
outlined in Chapter 4. If this feature were indeed due to Fe2+. it
would mean that the irom band which occurs at the highest energies, sana
most nearly approximates the ideal single bana predicted for iron banas
in octanedral sites would occur in the mineral with the largest M-O bond
lengths and the most distor*ted coordination octahedra.

A similar feature occurs in a smithsonite spectrum (Fig. 5.5).
Beaden (1925) published an analysis of smithsonite from Kelly, New Mex-—
ico, the site trom which sample 4504 was obtained, which showea the sam-
ple contained 3.48% Cu0, and only trace amouats of FeO. Spark spec-
trometry also indicates this sample contains Cu.

These absorption features in both the calcite and smithsonite spec-—
tra are centered at shorter wavelengths than ironm bands ip the same
minerals, and do not show the marked doubling that the iron banas do.

Cu2+ in calcite produces a broad bana centered near 0.%um. VWhen

the spectrum is plotted in inverse wavelengtn space, it can be seen that
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i | Carbonate Bands | Cu i
| Sample | 1 2 3 4 5 6 7 | Band |
1510 | 2,533 2,388 2.269 2.165 1.992 1.884 1.788 1 0.979]
10527 | z.547 2.343 2.268 2.170 1.993 1.884 1.764 | 0.956 |
1511 | 2.527 2.333  2.254 2.158 1.989 1.881 1.774 } 0.948
1513 | 2,535 2.335 2.258 2.170 1.989 1.889 1.808 | 0.9311
| 1504 | 2.529 2.33¢ 2,258 2.160 1.991 1.890 1.763 | 0.903 ]

Table 5.2 Positions of carbonzte bands and msjor copper bara in calcite
spectra as determined with the G.ussian fitting routine.
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Figure 5.5
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this feature actually consists of at least two banas. The stromger ot

the two is centered near 0.%um, the weaker is centered in tne 1.5um
region, and may actually be composed of two banas. Although the pres-
ence of minor amounts of water in some samples, ana the possible pres—
ence of other absorbing cations in some sampies precluded precise deter—
miration of the intensities snd positions of tais weaker bana, it
aprears that when mweasured on a log scale, as is dome wnen GFITting
spectra, the inteasity of the stronger banmd is threse to four times that
of the weaker band.

Chemical analvyses show that as with Fez+ ana Mn2+, relative inter
sities of bands increase with increase in concentration of the absorbing
crtion. Figure 5.2 shows spectra of fcur cupriam calcites (adjectival
form used by Palache at al., 1951). Intensities of sil the carbornate
bands are similar, indicating the particle si;es of thne samples were
approximately the same. The differences in intensities ot copoper
bands, then, are due to differcnces in copper content. Figure 5.3 shows
the intensity of the copper band ratioed to the iatensity of carbonate
band 2 (to correct for particle size etfects, see discussicn of irom
bands below) plotted against the Cu content of tne four samples for
which analyses were available. These data bear out the conclusion that
bend intensity increases with copper contenti.

With increasing C112+ content, the stromnger Cu2+ band moves to
shorter wavelengths. In addition, the drop-off into the ultraviolet
becomes steeper as copper content increases. Figure 5.4 shows a plot of
relative intensity of the copper band plotted against the position of
the center of the copper band for five sample spectra contsining this
absorpticn feature, This illustrates the shift in bYand positioa with

increasing Cu content. The laimited scatter im the data may be due to
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the fact that other absorbing species, either transition metal cations

or water, add features to the spectrum.

Detecticn limits for copper appear to be lower then for iroa.
Similar quantities of iron in dolomites give barely perceptible absorp-
tion teatures. Holmes and McClure (1957) found that molar extinction
coetficients for Cu2+ were about three times that for F92+.

The centers of carbonate bands in spectra of cuprisn calcites occur
at the same or siightly shorter wavelengths inan equivalent banas in
nom-cuprian calcites. Table 5.2 gives positions of bands for five
cuprian calcites as determined by GFITting.

Copper features in a smithsonite spectrum are shown in Figure 5.5,
This spectrum was not analysed usinng GFIT, ana the bana positions given
are estimates only. This band is narrower than the copper bama in cal-
cite spectra. The band is centered near 0.97um, ana as with the copper
feature in calcite spectra, there is & sa2cond weaker features waich
causes a shounlder on the main band. However the second bana occurs at
shortsr wavelengths than its calcite coumterpart, being ceuntercd at
approximately 1.2ym. The {act that the splitting between the two corper
features is much less in the smithsonite spectrum than in tne calcite
spectrum probably reflects the fact that, as discussed in Chapter 4, the
octahedral sites in calcites are mors distorted tnan those in smithson
ites.

IRON, Fe2'

Ferrous irom very commonly substitutes into calcites ana dolomites,
as well as other calcite group minerals (se¢e Chapter 4)., Crystal fiesld
theory predicts that a ds ion in and octahedral site will produce one

4 2 5., 3

absorption band duz to a transition frem ST; (t, ) (e )" to "E (t. )
2g 2 8 8 23

(eg)3 (Burns, 1970; Cotton and Masyers, 1960)., The data in Table 5.1
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indicate that this ion forms a strong absorption near 1.0um. If tne

octahedral site is distorted, the degenmeracies ot the d-orbitals will bte
lifted and two or more absorption bands may occur (Borams, 197v).

At seen in Chapter 4, F02+ in calcite produces a broad dcuble
absorption band centered near 1.3um. Only two ferroanm catcite spectra
have been obtained thus far, but based on this limited data set i:
appears that carbonate band positions im ferrosm calcita spectra are
essentially the same as those of nom ferroan calcites,

The number and positions of the bands inaicate that the iror is
actually Fez+ rather than Fe3+, Fe3+ in aqueous solution has three
bands near 0.8, 0.55, and 0.41um (Cotton and Meyers, 1960). In Cbapter
9 the eifect of ferric irom im the form of irom oxides on the spectral
properties of cerbomate rocks is discussed.

Detection limits for Fe are quite low, IX-ray fiuvorescence analyses
of two calcite samples (€506 and 10519) indicate thsy contain =0.01% Fe
by weight. Atomic absorption analysis of 6506 confimms this. These
spectra havs very wesk F02+ absorptions, iadicating this is just at the
detection limitr for Fe.

F02+ also substitutes into dolomites. The majority of tcrrous irom
iz dolomites substitntes for Mgz+, and occurs ip the same B-site as the
Mg2+ (Reeder, 19%3). Up to 70% of *he Mg may be replaced by Fe, ana
these high iron dolomites are also called sankerites {(Deer et al., 1962;
Lippman, 1973).

As was seen in Chapter 4, F02+ in dolomites produces a broad double
band in their spectra centered nesar l.luym, The intensity of this bana
increases with increasing iron content. as can be seen in Figure 3.17,

In addition, the drop—off into the ultraviolet imcreases in intensity

and ertends to shorter wavelengths as iror content ircreases.
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Spectra of eight dolomite samples were anslyzed using tae GFIT rou-
tine, Figure 5.6 shows a completed gaussian fit to ome ot tne dolom-—
ites, and the results of this analysis are given in Table 5.3.

Bands armbered 1 through 7 are the carbonate hands discussed in
Chapter 3, and banas 8 through 1C are iron bands. The irom banas were
initially fit with two bands, corresponding to the two obvious bulges in
the spectrum near 1.0 and 1.35um. VWhile this allowed a it to be
achieved at nigh accuracy (0.0G5) there still remained some zreas ot the
curve wkich were not well matched. This can be seen in Figure 5.7a,
which shows the residnal errors for a twc-irom-band fit. The wavelaike
features in the residual errors near 1.0um indicate a feature is miss—
ing. A third band in the 1.25uym regicn was added to the first two anag
the tits were done sgain. The tit was doue so that the first two benas
used vere large, and the third bana added in the middle was kept as the
smallest band. As can be seen in Figure 5.7b the thres—bana fit to the
iron band gave an improved fit as shown by the residual errors. There
remains & small wave-like feature in the errorc near 1.0um, wnich is
evidenced by a slight miss—match between the datsi and fit curve im Fig-
ure 5.5. However the errors in this region for most spectra are less
than 1%, and the three bands were taken as an adequate fit to the data.

Adding the extra band to the iroa feoature did not atfect the fit to
the carbonate bands. As can be seen in Figure 5.7, the residual errors
in this region dn not change. Carbonate band positions determired in
both fits are the same.

The cause of band 11 is not ceztain. It occurs in spectra of ter—
roan dolomites, rhodochrosites, and siderites. It occurs at Jlonger
waveiengths than band positions reported for Mn2+. sand may be ome ot the

2+
weak spin-forbidden bands which occur in Fe spectra (Burms, 197¢).
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Carbonate 3ands

| l
[Sample | 1 |, 2 ; 3 , 4 , § , 6 |
6514 1 2,516 | 2.319 § 2.244 | 2.165 | 1.979 | 1.562 |
l'6509 | 2.516 | 2.320 | 2.248 | 2.165 | 1.974 | 1.869 !
l 6503 | 2.505 | 2.312 | 2.235 | 2.157 | 1.971 | 1.853]
2500 | 2.508 | 2.313 | 2.234 | 2.155 | 1,971 | 1.872
| 65106 | 2.518 | 2.322 | 2.247 | 2.170 | 1.977 | 1.867 !
| sso1 | 2.513 ) 2.323 | 2.244 | 2.150 | 1.975 | 1.882 |
| 6515a | 2.530 | 2.333 | 2,262 | 2.185 | 1.986 | 1.888 |
| 6502 | 2.532 | 2.330 1 2.251 | 2.1901 | 1.976 | 1.912]

] | Iron Bands ]
| Sample | 8 ; 9 , 10 |
Pesia 11,343 | 1.040]
6509 | 1.379 | | 1.050 |
6503 | 1.435 | 1.268 | 1.044 ]
2501 | 1.389 | 1.237 | 1.055|
65100 | 1.409 | 1.269 | 1.051!
sso1 | 1.419 | 1.276 | 1.0%6
l'6s1sa | 1.420 | 1.277 | 1.060!
| 6502 | 1.411 | 1.256 | 1.063 |

Table 5.3 Positions of carbonate and irvm bands in dolomite spectra
determined using the Gaussian Fitting routine. Samples are listed in
order of increasing Fe content, as determined by atomic absorption.
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Calcite 1504  Santa Cruz Co., New Mexico
1505 Richel sdorf, Germany
1508 Franklin, New Jersey
1510 Bisbee, Arizona
1511 Bishee, Arizona
1513 Bisbee, Arizona

15158 Moresnit, Germany
Dolcmite 6515a  Morro Velho, Brnzil8

6502 Cumberland, Englznd
Aragonite 10501 Horschenz . Czocho:lovakiulo
Smithsonite 4501 Laurium, Greouell

4504 Eelly, New Mexico
4506 Chikuahua, Mexicon

Siderite 6£15b Morro Velbo, Brezil®
9503 Copper Lake, Antigonish Co., NovbScotia12
9504 Caro Preto, Minas Gerais, Brazil
9506 Roxbury, Litchfield Co., Connecticutl4

Magnesite 2507 FKurnalpi, Vestern Anstrulill5

1. Smithsonian Inst. #125127; 2. Smithsonian Inst. #84055; 3,
Smithsonian Inzc. #C6336; 4., Smithsonian Inst. #82364; 5.
Smithsomian Inst. #82362; 6. Smithsonian I[nst. #B9624; 7.
Smithsonian Inst. #1044%4; 8, Horn Minerals, Smithtown, Long
Island; 9. Smithsonisn Inst. #81674; 10. Smithsonian Inst.
#R12050; 11. Smithsonian Inst. #R2518-9; 12. Wsrds Natural
Science Establishment; 13. Nature’s Treasures, Hawthorme Calif.;
14. Miperals Unlimited, Ridgecrest, Calif.; 15. Excalibur
Miperals, Daver, N. J.

Table $S.4 Mineral samples discussed im tnis chapter, ano losalities
from which they were obtained.
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Band 12 outlines the absorption edge into the UV wnich is probably dus
to a chargs transfer band centered at wavelengths too short to be meas-—
ured by our instrument.

Unlike the Cu bands in calcites, there is no disceraable trema in
position of iron bands associated wiih the changa2s in irom content.

However, the intensity of iron basads increases with increased Feo
content. These eight dolomites were analyzed for iron by atomic absorp-
tion spectropaotametry. Since, as seen in Chapter 3., abscrprioan bana
intensities are affected by parxrticle size and prcking, abscinte intensi-
ties of iron bamds could not be nsed as 8 measure of iror content. As
scen in Chapter 3, however, intensities of carbonate bards do not vary
significantly with changes in chemical composition. Thus the intsnsi-
ties of theo carbonste bands cap be taken as s measure of graim s1z8 ana
packing, and intensities of Fe bands rplative to the carbconate banas can
be used as a measure of Fe content. The intensit, of thu strongest Fe
band {(band 10 in Figure 5.7) was ratioed to the intensity of bana 2, the
catbopate band for which, ss discussed iz Chapter 4, parsmeters could be
most relisbly detsrmized, and these ratios wars plotted as a rumcraon of

Fe content.

Six of the eight samples were unweatherad: 6509, 6514, 6503, 2501,
6510b and 6515a. Samples 5501 and 6502 werec buff-colored from Fe
oxides. Figure 5.8a shows 2 plot of tne ratio of tne intensity ct ths
Fe band to the intensity of bana 2 plotted as a tunction of Fe content.
Intensities used were those determined in log space using tne GFIT pro-
gram. The points form a smooth curve, with the ratio increasing witk
incressing Fe content. F2gure 5.8b includes tae data for the two weath-
ored samples. Although sample 5501 falls slightly o1{ the curve, the

correlation is still good. Ratios determined using intemsities in
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linear space rather than log space are very similar to these, and show
the sume relationships. Eitbher values could be used.

Wae all that GFITting useful? For comparison, ratios for values
of intensities taken directly trom tne data curves were used. The value
for the lowest data pcint in the iron banad and the lowest data poiut in
the 2.3um carbonate tand were ratioed ana these valuas plotted against
Fe content. Figure 5.9a skows the values for the six unweathered sam-—
ples, The curve outlined by the points shown here, although not as
smooth as that seen in Figure S5.8a, shows a relatively good zcrrelati-a
between this ratio #nd Fe content. However, when the data points for
the weathered samples sre added, ss im Figure 5.96, it can be seen that
the correlation is rather poor. The gaussian aralysis has removed some
of the etfects of weathering prcducts om the spectrum, sna ailowed tne
spectral compomen: due to F02+ tc be isolated.

Dolomite is & complex mineral. an+ as well sas Fez+ may substitunte
into the dolomite lattice, and may replaca erther C12+ or M52+. altnough
EPR spectra indicate the Mg—site is more populated than the Ca-site
(Wil deman, 1969). Fiersonm (1981) analysed 86 doivmite samples and found
that concentrations of irom snd manganese are positively corrsiated, ana
fall arcund a straight line om a log-log plot. He alsc found the sam—
ples to comtain traces of lead, chromimm, nickel, cobait and strontium.

In addition, the composition of many dolomites is not
stoichiometric, {i. 6., their compozitica deviates from the icdael
C30.50M300‘50C03. Although deticiemces ot CaCO3 of up to o~e mole per
cent occur, moie commonly there is aa excess of calcium of up to seven
mole per ceat CsCO3 (Goldsmitn, 1983; Lumsaen anc Chimahusky, 1580; ana
others), and dolom’tes coantainming as muck as 62 moie % CaCO3 t12 mole %

excess) (Eatz, 1971) huve baea observed, Thus it is 4difficult ¢o
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isolate one cation and iundge its etfects on carbocnate band parameters as
cther variations in chemical composition mey also be involved. However,
the large i1amge in F02+ content of the dolcmites studied here made it
possible to outline some of the trends asscciated with tnis composi-
tional variation,

Bands 1 through 7 shown in Figure 5.6 are carbonate bands,
Although baad 7 is visible to the eye im most dolomite spectra, it is
too weak in most spectra to fit using the GFIT routine, ana daia was
only obtained on bands 1 through 6.

Figure 5.10 shows the carbonate bands in spectra of four dolomites
with different iron contents. As can be seen, the short wavelength side
of the two strongest bands (bands 1 and 2) remain at approximately the
same position, while the 1longer wavelength side moves to longser
waveleagths., Ia addition the saddle betxeen the two bands becomes pro—
gressively lower withk increasing iroan corntent. In the 1.3um region,
band 5 appears to remain approximately stationmary, while band 6 moves to
longer waveiengths until in the spectrum of 6502 the two bands overlap
to tcrm ome feature,

These trends sr» reflected in parameters for carbomste bands as
determined by GFIT (see Table 5.3). In general, banas 1, 2, 4, and b
tend to move to longer wavelengths with increasing irom content. In
sddition, band Z becomes wider.

The trena tc longer wavelengths of bands 1 and 2 with increasing Fe
content is uot trve for sll sample spectra. For example, bana 1 in
spectra of samples €509 and 6514 occur at shorter wavelengths tuezn bana
1 in the spectra of sampies 2501 and 6503, even thuough 2501 amna 6503
contain more irom. Obviously Fe coutent alouz does not coctrol the

position of <carbomats bands Nom-stoichiometry wmay be a factor.
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Carhonate banas in calcites occur at longer wavelengtns than carbonate
bands in norferroanm delomites, which im turma occur at longer
wavelengths _han carbonte bands in magresites. LCxcess Ca in dolomites
might shift carborats bands to longer waveiengths. Cr excess Mg,
slthough less common, might shift bands to shorter wavelengtns.

The same suite of carbonate and iron bands were used to fit a1l tae
dolomite spectra. The only exceptions were the cases wnere bana 7
couldr’t be fit, as mentioned above, and the omission ot the weak tnird
iror band (band 9, Figore 5.6) from fits to spectra or samples 6509 ana
6514, in which the iron features were very weak. Despite the facr tna<
all the dolomites were fit with the same set of bands, nct all fits to
the carbonate bands were eqgually gcod, as evidenced by the residual
errors. The plots of residoal errors shcwn in 5.11 for four éifferent
dolomites shows that the errors inm tbe 2.3 to 2.5um rngion for 6514, a
dolomite which contaius =0.03 weighkt per cent Fe, are large, as much as
5 to 6 per cent in this region. For 6502, however, which contains =15
weight per ceat Fe, the fit in this region is very good, and the resi-
dual errors are less thar '%. I:. would appoar that in this regiom an
additions]l banc is sppearing, or thac one already present is iacreasing
in intensity. Or distortion of the crystal laitice by addition ot Fe
may change the band shapes.

The carbonate bands in spectia of ferroan dolomitss or ankerites
become almcst arasgnnite-like in shape end position. Tais similscity
also appesrs in bana-band plots of carbonate band pnositioms. Figure
5.12 is a plot of the positiom of band 1 plotted against the positiom of
band 2 for calcites, sragonites, and do’omites. To the data plotted in
Figure 3.13 were added the band positions for twon hiygh i=9n dolomites,

6515a anda 6502, and an aragonite, 10501, Note the overlap ia bdana
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positions for the aragonites and high irom dolomites. Note also that in
this plot it can bhe seen more clearly that bamaz 1 anda 2 in zragonite
spectra occur st slightly chorter wavelengths than equivalent banus in
calcitus, Figure 5.13, a plot of tne position of band 2 vs. the posi-
tion of band 4, and Fignre 5.14, a plot of bana 3 plotted vs. bana 4,
show the same aress of overlap between the aragonites and fezroan dolom—
ites., The fact that the dolomites oveilap with the aragomites rather
than with the calcites may be related to the distortion of the crystal
lattice which Rosenberg and Foit (1979) found resulted from tne substi-
tution of Fe2+ into the dolomite structnre.

This similarity in carbonate band shapes and prsitions in dolomite
and aragomite spoctra vwould not lead to confusion between the two
minerals because the ferroan dolomite spectra have the very stromg irom
band, which aragonitc spectra will lack.

Interestingly, but not surprisingly, carbonate bamas in spectra of
ferroan dolomites, samples 6515a and 6502, occur at longer wavelengths
than equivulent bands in siderite spectra. Possible reasons for tuase
differencss in band pozitions sre discussed im Chaptear 4, where changes
in band positions were relsted to difterences .in crystal structure and
characteristics of the catiom. Cation mess and cation radiuns appear to
be the most important factors.

MANGANESE, M

Manganer*s in cvarbonates gives rise to a number of absorptiom
features at wavelengtiis shorter than O0.6um (Hunt and Selisoury, 1971) as
can be seen in the rhodochrcsite spectrum shown in Figure 4.1. This
spectrum was taken onm the Beckman DE-2A. an+ has a d5 electronic con-
figuration and in octahedral coordination gives rise to a 6A1x ground

state (Ballhausen, 1962; Hunt and Salisbury, 1571). Bunt and Salispury
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(1971) give the following bamd positions and assigoments for divalent

manganose in rhodochrosite:

{rom 6A to:
1g
4
Tll 0.34um
4Es 0.37um
4 4
. E 0.41
4A18 8 ua
ng 0.45um
4
Tlg C.55um

Rhodochrosite spectra takem with the Perkin-Elmer 330 show that
there are actually five banmds in tne 0.35 to C.6um region. The four
strongest bands occur near 0.36, 0.40, 0.44, ann 0.54um. These banas
correspond to those observed by Hunt and Salisovry (1971) in tnis same
region, A wesker band occurs nesr 0.38u=m. Headt ot al.. (1¥58)
assigned two features in g spectzum of Mn(ﬂzo)§+ near 0.40 ana 0.39um to

the 4E and 4A transitions which energy level diagrams caiculated by

8 1g
Heidt 2t al.. (1959), and Orgel (1955) inaicate shonld have essentially
the same energy.

Ballhausen (1967) states that all those transitions are spin for-
bidden, snd that this is reflected in their low extinctior coefficients.

This is also reflected in the cdifferences in relative intensities
between F°2+ and Mn2+ bands in taeir raspective end—member carbomates.
Spectra shown iu Figure 5.15a and b, plotted in energr space, show thnat
while the Fop bands in siderite spectra bottom out at intensities ot
0.2 o7 Jess, and attempts at gaussian fitting inaicate the banas may
have begun tc¢ setturate and are no longer gaussian shaped, the Mn2+ banas

in rhodochrosite spectra do not saturate and inaeed the centers or the

bunds generally oaly drop to intensities of 0.6 o1 more.
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Figure 5.16 shows the spectium of a msnganosn caicite, sample 1508
from Franklin, New Jersey. A chemical analysis ¢iI a calcite quoted by
Palache ot syl., (1944) indicates calcites from tnis localirty contain
lacge amouats of manganese (in that case, 16.7% MuO). EDAX analysis ot
1508 indicates it contains Mn, tco. This spectrum tas absorptions et
=19,000 t:m_1 (C.525um) end 22,800 cm-l (0.439um). These banas occur at
slightly shorter wavelengths than the equivalent banas in rhodochrosite
spectra.

Carbonate bands in the spectrum of sample 1508 occur at slightly
longer wavelengths than thcgse im spectra of nommanganoan calcites,
This would seem to agree with the fact ttat, as was seen in Chapter 4,
crrbo1ate bands in rhodochrosite spectra occur at longer wavelengtas
than carbonate bands in caicite spectra.

Manganese also substitutes for M52+ and C12+ in dolomites. Unlike
F02+ it occurs in both the Ca and Mz sites, slthough (ie Mg site is pre—
ferred (Wildeman, 1969). Figure 5.17 shows spectra of three dolomites
contaiuing different amouants of an+ as determined by atomic absorption
spectroscopy. Intensities of atsorptions due to Mn2+, and the absorp-
tion edge into the UV increase in intensity with increasing Mn content.
As mentioned above, Mn2+ is not as strong an absorber as F02+. and data
show the detection limits are correspondingly higher, =0.1 weight per
cer. Mn. It has proved diffiecult to fit gavssian cunrves to an+ bands
in dolomite spectra taken with the University of Huwaii spectrometer.
Date from onme of the spectrometers which extends tc shorter wavelengths
will be required to determine precise reltationships between band inton—
gities and positions and and content. Because carbonate bands in rho-
dochrosite spectrt occur at longer wavelengths tban tks same bands in

+
dolomite spectra, it would be expected that increasing an conteut in
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dolomites would cause carbonate bands to move to longer wavelengtns.
However, becaunse an+ conceatration tends to be roughly correlated with
Fez+ concentration (Piersom, 1981), and because carbonate bands in
siderites and calcites also occur at longer wavelengths than the same
bands in dolomite spectra, it is difficult to isolate the etfects ot
Mn2+ .2 the positions of carbonate bands from tae etfects of increasec
Fez+ content or non—-stoichiometry. A lerge number of well characterized
samples will i needed to isolate these etfects. A combiration of Mnl+
band intensities, Fe2+ band intensities, and carbonate band positicnms
shonld allow the composition of a dolomite te be datermined relative to
the tour most sbundant components.

These spectra show thxt the ion present is M32+ rather than Mm3+.
Mn3+ has a 3d4 electronic ceanfiguration, and Holmes and McClure (1Y57)
found that the spectrum of CsMn(SO4)'12HZO had a single broasd absorption
centered near 21.000cm-1.

OTHER CATIONS

Table 5.1 gives some of the data on absorption features due to
transition metal cations inm the VIS ana NIR. As can be seen, s number
of other absorption features besides thosc due to Fe, Cu, and Mn occur
in this wavelength region. Scme ot these have been found in spectra of
calcites, magnesites, and smithsonites. Figure 5.18 shows some ot thnese
spectra. All of these spectra contain water bands and none heve been
analyzed with the gaussian fitting routine. Band positions are esti-
mates only.

The first spectrum is thet of a calcite (1505) which EDAX anelysis

~n

+
indicates contains cobalt. Co2 has a 3d' configuration. In an

octahedral site, the ground state is 4'I'18 (t,,g)5 (08)2. and a number ot

transitions are possible (Le Paillier—Malecot, 1983)., Hvdrated Co2+
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complexes show an absorption near E!lOOcm_1 {1.23um) assignable tc the

transition 4T13 -> 4T28 (Ballhpusen, 19%02), ana a complex band near

20,000cm-1 (0.5pym) which reportedly is composed ot two or more lands

assignable to 4'I‘ - 4A2 transitions, s&mna 4'1‘ - ‘T transitions,
1g 8 1g 1g

amon3z others (Holmes and McClore, 1957; Orgel, 1955). Le Paiilier—
Maiecct (1983) ‘ound that a spectrum of C<:nCO3 had overispping absorption
bands due to coisit at 19,250, 20,800, ama 22,875 cm . (0.52, 0.48, apa
0.44ur respectively), which, hc states (p. 234), "in tne cubic field
aprroximation, one may consider ... are connected with 4A2(4F) and
4'1'1(“,.) excited levels”.

The calcite spectrum has & very broad, weak absorptior near
8000<:m_1 (1.25um) and a stronge:r bana near 18,500::1::.1 (0.54um), with a
shoulder nea< 19.500cn-1 (U,51ym). The 1.25um absorption is so broad
that the 1.4uym water band overlsps with it im tpis spectyum,

A spectrum of & smithsonite, saxple 4506, also snows these same
features. The bands occrr at slightly higher energies (shorter
wavelengths) in the smitbscnite spectrum than in the calcite spectrum,
being centered near =8300m:|—1 (1.2ym) and 19.2000::—: (0.52um)}. The
shoclder on the band “‘r the smithsonite spectrum is more pronounced.
The ract that the Coz+ bands occur at shorter wavelengtns in the smithk—
sonite spectrum than in the calcite spactrum is comparable to tne
changes in positions of irom bands outlinmed in Chapter 4. The smaller
M-0 bond lengtl in smithsonite means the transitions in the C02+ ions
will occur at higher energies than for C02+ ions in the calcite lattice.

Absorption bands due to NiZ# occur in a magnesite spectiom shown in
Figure 5.18, Ni2+ has a ‘5d8 configuration, and in octahedral coordina-

tion wiil always possess two unpaired spins (Ballhausen, 1962).

Octahedrsal complexes of Ni2+ hsve three spimallowed transitions from
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the 3A23 ground state to triplet sxcited states with symmetries of 31&;‘
3 3

Tls (I}, and Iig(ll) (Ferguson ot al., 1963; Solomon snd Ballhsusen,

1975). Niz+ is agqueuuns solution shows a double bend for the STlg(I)
transition centered near 6600cm_1 split by spin-orbit coupliang (Solomon
and Ballhaasen, 19%75),

The spoctrum of the magnesite, sample 2507, illustrated in Figure
5.18 shows theses sans features. Spsrk spectrometry indicates thut the
sample contains nickel, but no detectable amounis of other transition
motal cations. There are three strorg absorptiorcs centered near 8000,
14,000, and 24.000cmt1 (1.25, 0.70, and 0.42um, respectively). The bana
near 14.00()(::[1 (0.70::m) is double, with lobes centered nesxr 13,2C0 ana
14.,600cm 1.

FUTUKRE WORK

It is clear that the work presented here op changes in spectral
properties of carhonates with changes in chemicai compositions has only
scratched the surface.

As mentioned ahove, the chemistry of dolomites varies considerably,
and wide variaiions in Ca, Mg, Fe, and Mn contont have been observed.
These complexities are too great to be outlined by tho eight samples
studied here. Acquiring samples which contain no water and which are,
preterably, unweathered is a slow process. Analyzing their snectra is
even slower. and many years of work wiil be required to outline aLl the
fermutstions in chemical composition and tneir attendant changes in
spectral prsopsrties,

It has become clear in this study that reflectance spectroscopy is
sensitive tu the presence of of a number of cations, including Ni, Co,

and Cu which have been given lattle attention in carbonate studies in

recent years. Analyses of carbomate minerals «nd rocks temd to be
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limited to Ca, Mg, Fc., an2 Mn, with recent incresases in interest in Sr
and Zn (e,g. Kinsmsn, 1968; Lrna, 1980; Pingitore, 1978). Other ele-
ments are largely ignored so there is little data available oa them in
the literature. Studies of solid solutiom behaviour of Ni, To, and Cu
in carbonate minerals are scarce (Goldsmith, 1983). It iz clear that
minor quantities of transition metal cations can produca absorption
featuzes in carbomaie spectra. Future spasctral studies of carbouste
minerals will kave to be accompanied by complete analyses for Ca, Mg,
Fe, Mn, Cu, Ni, Co, Ca, Zn, Sr, Ba, ana Pb, This involves another very

long—-tem effort.
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4

Absorption Features Dus to Vater

INTRODUCTION

It became clear early in this study that water, in one form or
snother, is nearly ubiquitous in carbonste rocks and minerals. It
proved difficult to find enough water- ree samples to do the minmeralog:i-
cal snd chemical work. Dry aragonites and magneszites proved especially
difficalt to acquire.

Since water is so widespread in carbonate samples, it was necessary
to include it as 22 additional phase, along with the other mineral
phases already discussed. And because carbonate minerals seemed to
occur im ssgsociaticon with water muck more commonly than they did witk
other carbonate minerals, it seemed appropriate to give studies of
sarbonate~vater mixtures higher priority than studies of carbonmate-
carbonate mixtures.

This chapter will illustrate absorption features due to 0B and
liquid and bound 1120. will show how these featnres appear in clay-
carbonate and water-carbonate mixtures prepared in the lab, and compare

spectra of these laboratory mixtures to spectra of rock samples.
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WATER BANDS
Absorption bands :im the NIR and MIR censed by water are due to
vibrational processes of the 320 moleccle. Water has three fnndamentel
vibrational modes, 2!l of which are iafrared active:

(/; -~ ¥2.50um, symmetric stretck

1
(/2 - 26 .00um, bend
U% - 23.11um, antisymmetric stretck

Althonugh these fundamentals are centered outside ths spectral region
covered in this study, the two stretching modes form very strong bands,
wings of which may affect spectra in the NIR (Singer, 1981),

The hydroxyl ion, Oﬂ-, hkas one fundamental stretching mocde, which
is infrarod active and occurs mear 2.75um (Huat, 1977).

Liquid water has tvo strong absorption bards in the VIS and NIR,
one necar 1l.4um and oae near 1.9%um (Bayly et al., 1963; Hunt and Salis—
bury, 1970; Corcio znd Petty, 1951). Veaker bands occur at approxi-
mately ¢.76, 0.97, 1.19, and 1.80um (Bayly et al,, 1963; Petty aand Cur—
cio, 1951). The positions of these bands, and a few of the agsignments
given for them in the literatuxe are listed in Table 6.1.

Positions snd shares of water bands vary depending on the type of
site on or in which the water molecule resides (Hunt, 1977; Hunt and
Salisbury, 1970). In carbonates water may be present as liquid water in
fluid inclusions, as adsorbed water on the surfaces of grains, as part
of the crystal structure in hydrated cazbonate minerals such as monohy-

drocaleite (C.C03'B20) or in clay minerals occurxing with carbonate

minerals in argillaceous limestones and dolostones,

Bydroxyl ions (OH ) may also be present in clays smch as kaolinirte,
or in carbomats minerals sauch as hydrozincite (Zn5[C03IZIOH!6) and
hydrocernssite (Pb3[C0312[0H12) (Chemical formulas are as given in

Fleischer, 1980),.
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Figure 6 1 shows spectirsa of several of thess different water— and
hydroxyl-conteining phases, as well as the spectrum of a powdered sample
of an Iceland spar (the pan fracticn of sample 1531 whose spectrum is
shown in Figore 3.8) mixad with enough water to give the sample the con-
sistency of library paste.

The kaoliaita ectrum (kaolinite purchased from Baker Chemical
Company) shows featvres Jdue to the hydroxyl ion, The stromng, sharp band
nez= 1.4um is due to the first overtone of the OH stretching mode (2065)
(Bunt and Salisbury, 1970); the band near 2.2um is due to combinations
of lsttice modes vith the OH stretch (Hunt and Salisbury, 1970; Whitney
et sl1., 1983), The strong band centered nsar 2.2 to 2.3um is charac-
teristic of hydroxyl-conteaining minerals, and is probably due to combi-
nations of lattice modas with the OH srretch (Humi, 1977). In sddition
to this strong faeature, spectra of minerals containing hydroxyl ions may
also show a number of weaker bands between 2.0 and 2.6um (Mara and Suth-
orland, 1953; Hunt and Sulisbury, 1970; Whitney gt sl.., 1983). Hydroxyl
ions wil]l uot produce the 1.%um feature because it contains the HOH
bending mode.

Spectra of other OB-containing phases including amphiboles (Hunt
and Salisbury, 1970), chlorites (Eant and Salisbury, 1970), muscovite
(Adams, 1975; Hunt, 1977; Whitney ¢t al., 1983) brucite (Mara and Scth-
erland, 1953), szurite (Andersen, 1978) and Ca(OH)2 (see Chapter 7) all
show these same features. The exact positioas of these features depeuds
on the cation the OH is directly attached to (g.g. whether H, Si, Al,
or Mg) and on the site it occupies in the crystal structure {BHung,
1977). OB groups may be located in several different sites within the
same material, resultirg in several bands appearing in the same spec-

trum, sll due to overtones and combination tomes of the OH stretching
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Hunt and Galisbury (1970} 1.4pum
1.9

Curcio and Petiy (1951) 0.76um
0.845
0.97
1.19
1.45
1.94

Bgyly at al. (1963) 0.749%um
0.880

0.981

1.210
1.449

1.787

1,934

Ceccaldi et al. (1956) 0.763um

0.855
0.371

1.190
1.449
1.789

1.790
1.923

or

or

or

or

or
or

or

or

2(/
(/2+(/3

3 (/1 4-(/3
2(/1,,(/2,,(/3
(/2 +3 (/3
2(/1 +(/3
(/1+(/2+ (/3
2 (/3

(/1 +(/3
2(/24-(/3
(/2+(/3 4-(/L
(/2 +(/3

4(/3

(/1 +3 (,'2
(/2+3 (/3
3(/3

(/1 +2 (/2+(/3
v.

(/1 +(/2+(/3
(/2+2 (/3

2 (/3

2 (/2+ (/3

Uy +Uq+Up
(Gf(@
(/2+ Uy

Table 6.1 Positions of absorptions due to liquid water ip the NIR, and
sosie of the band assiguments given for them in the literature.
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mode {(Hunt and Ashley, i979). Huat (1977) snd Hunt and Ashley (1979)
show spectra which illustrate the changes in numbers and positions of OH
bands withk differences in mineralogy.

The spectrum of the wet Iceland spar shows features due to liquid
watser and is shown with spectra of other water— and hydroxyl-containing
species (Figunre 6.1). Note that zll spectia in this figure, imcludinrg
the kaolinite spoctrum, show the weak 1.80um festure, indicating that it
is probably an overtone of the OH stretching mode, or a combination of
OH stretich and lsttice modes.

The spectrum of montmorillonite illustrates features typical of
mi:lecular water bound in interlayer clay sites (Hunt and Salisbury,
1970; Singer, 1981) - features near 1.4 and 1.%9um. Note that the 2.2um
feature due to OH is also present, uand that the overtome of the CH
stretck also contribntes to the 1.4um featnre (Singer, 1981). This
montmorillonite vas purchated from Wards and seived to remove sticks and
leaves.

Comperison of these three spoctra shows that asbscrption festures
due to water bouad in clays are sharper and narrower and occur at
shorter wavelengths than equivalent bands in liquid water specira. The
OF band st 1l.4u» {is slso sharrer and narrower ani occurs at sherter
wavelengths than the 1.4;m band in liquid water spoctra, and im spectra
of minerals containing only O , ths 1.9um is absent. On the other hand
the stroug OH band in the 2.2 to 2.3um region i: absent i3 the liquid
water snectrum.

Sp~ctra of skeletal carbonates contain strcng water bands. A spec—
trum of a coral skeleton is included in Figure 6.1. This specimen
belongs to the genus Montiporas and was collected from » patch reef in

Kineohe Bay on the windward coaet of Oaho, Comparison of the water
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bands in this spectrum with the bands in the two clsy spectra and in tke
wet Iceland spar spectrum indicate that they most closely resemble thosa
of liquid water in shape and poazition. In addition X-ray diffraction
anslysis indicates this sample is composed entirely of aragonite. This
weuld indicate the water is present in the form of fluid inclusioas,
rather than as bound water or OH .

Inflections in the curve near 2.3 and 2.5um sare the carbonate
bands, partially masked by water bands. The drop—-off in the curve at
longer wevelengths is caused by the wings of the two stroug fundamentsl
bands conterad near 2.9%um.

Although the wet Iceliand spar sample was less than half water, the
water bands dominate the spasctrum. This is dus to the fact thet the
water bands in this region are sums of two fundamental modeas (see Table
6.1), while the carbonate bands are threos and fonr (see Table 3.5). The
intensities of vibrational absorption bands are proportionmal to the
nomber of molecules existinmg in the excited state. Hadni (1974, p.46)
states "... the three-phonon processes in general give an absorption
coefficient ten times weaker than that for two—phkonon processes which
are still ten times weaker than the classical one-phonon processes.” (A
phonon is & quantum of vibrationsl ensrgy.)

Figure 6.2 shows spectra of calcite, water {becauss quartz has no
absorption features in this region of the spectrum, this is essentially
a spectrum of fluid inclusions, Hunt and Salisbury, 1971), and two spsc-
tra of csicite plus water, ome & physical mixture, the other a computer
"mix" made by averaging the milky quartz and dry calcite spectra
together. BPBoth calcitetwater spectra show the same featnres.

Figure 6.3 shors spectra of montmorillonite, the pan fraction of

the Iceland spar discuased above, and mixtures of the two. In the
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spectrum of & mixture of carbonate and clay in a ratio of ten to ome by
volume the twc sharp clay bands at 1.4 and 1.9um of the montmorillonite
snectrum can be seen. The 1.9%um clay band masks the two carbonate
bands st =1.88 4nd 1.99um. However, the stronger carbonate bands at 2.3
and 2.5um are visible. The 2.Zpm clay band canses an inflection in the
curve in this region.

In the spectrum of a mixture uf equal volumes of calcite and .lay,
the composition of & =arl, the spectrum is dominated Uy the clay
features. The 2.3 and 2.5um bands csuse only a weak inflection in the
curve.

Aadotrer factor governing the relative intensities of clay and car
bonate bands are the relative graiu sizes cf tke cacbonate and clay
fractions, Figure 6.4 skows the spectrum of a 50:50 mixtnre of
montmorillonite and the 180-355um fraction of the Icaland spar (sample
#1531). Here the ccarse particle size of the calcite increases the opt-
ical path length through the carbonate phase and results in much
stronger carbonate bands relative to the clay bands than were seen in
the spectrum of the 50:50 montmorillonite plus calcite mixture shown in
Figure 6.3, The spectrum of a similar mix of kaolinite plus this coarse
Iceland spar is also shown., Again, botk the clay and carborate bands
give intense absorption features.

These spectra serve to illustrate the difficulties of vsing rela-
tive band intensities to determine precisely the amount of of Aifferent
mineral phases present in a mixture. Clark and Lucey (1984) discuss
this problem in terms of geametric optics, and offer possible methemati-

cal solutions to the prublem.
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WATER BANDS TN ROCK SPECTRA

Figures 6.5 and 6.7 show examples of argillaceous aad non-
argilaceous limsstones and dolostones.

Figure 6.5 shows spectra of rocks which X~ray diffraction analysis
and sxamination in thin section indicatn contair no clays. 10529 and b
are spectra of an sragonite and calcite, respectively. These two sam—
ples, obtained from the Geclogy Nepartment at the Universiiy of Iowa,
formed two different layers in a cave deposit from Lead Caves, Dubuqgue,
Jowa. These spectra have the strongest water bands of any non-biogenic
carbonates studied thus far. The slight difference in band position for
the 2.5um band in these two spectra reflects the difference in mineral-
OBY.

Figure 6.6a and b show photomicrographs of sample 10529%. In Fig-
ure 6.6b the fluid inclusions which occur within and between the fibrous
aragonits crystals can be seen. Compsrisom of the spectrum of this sam-
pie with that of the coral Montipora shown iz Figure 6.1 shows tkat the
spectr:1 properties of the biogenic and nonmbingenic aragenites are very
similar. This supports the conclusion that the water bands in the coral
spectrum are due to aqueous fluid inclusions, although the ialividual
inclusions themselves are too small tc be seen with petrographic micro-
scope or SEM,

The third spectrum was obtained from a micrite fzom the Devonian
Cedar Valley Limestone, from Mitchell County, Jowa.

CL-52 is sn oolite from the Mississippian Lodgepole Formation in
contral Montana. BC-11 is an encrinite obtained from the same unit.

Q-17 is a dolomite, also €rom the Lodgepole. This rock was origi-
rally 3 wackestoae. The mud metrix was dolomitizied, and the remaizing

skeletal debris was removed leaving voids (Jenks, 1972),
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Figure 6.6a Photomicrograph of sample 105292. an aragonitic cave depo—

sit. Magnificstion 40X
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URIGINAL PEGE S

OF PCOR QUALITY

Figure 6.6b Photomicrograph of sampls 10529a, an aragonitic cave depo-—
sit showing aqueous fluid inclusions. Fnlarged view of bright layer in
center of preceding photog. aph. Magnification 640X
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Spectra of argilleceous carbonates.
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Flgure 6.8

Paotamicrograph of Beliows Field eclianmite showing neamor—

phosed skeletal grains. Magnification 40X
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The Gower Formation is a Siluriar dolomite which outcrops in
eastern Iowa. This sample was taken from thc Anamosa Facies a tidal
flat sequence from which much building stone is gquarried (Philcox,
1972).

Spectrum 6505 is of a dolomitic marble fom New Jersey, purchased
from Wards.

Altkough spectra of sll these samples contain water bands, the
bands generally are not stromg, the cave deposits beinz tae only excep-
tion. Although problems mentioned above may preclvde precise determina—
tion of water content from spectra, these samples probably contain a few
tenths of a per cent water by weight., Despite the presence of water in»
these samples, the two strong carbonate bands nsar 2.3 and 2.5um can
still be used to distinguish calcite from dolomite.

Figure 6.7 shows spectra of rocks contsgining some clay. The
Niobrara Chalk is Cretaceous in age (Hattin, 1981), The sample from
which the spectrum was obtained was collected in Scott County, EKansas.
The sample is orange (10 YR 7/4) in color and exemination with SEM shows
it to be composed of coccolitbs which bave undergone some dissolution
and reprecipitation, amd clay. The rock is =10% by weight insoluble
residues. The sharp bands at 1.4pm and 1.9pm are due to clay, There is
undonbtedly some comtribution to wate: bands by liquid water in the coc-
coliths, as spectra of coccolith oczes indicate that cocc¢oliths do con-
tain some fluid inclusions (seec Chapter 8)., The spec ruaz also shows
absorption features which cccuor near 0.45, 0.62, and 0.57pum. Hunt and
Ashley (1979) and Singer (1981) found that iron oxides have absorpticn
bands in these regions, and the iron oxides which give the rock its

orange color undonbtedly carse these absorption bands.
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The second sock spectrum shown was obtained from a semple of dune
tock collected from the Waimanaio Quarry on Oahu, dug in the Pleixtccene
Bellows Field Formation (Lum and Stsarms, 1970). Note that altnough
these rocks contain clay {ormed by weatheiing ¢f volcaniclastic grainms
(the nom-carbooate fraction comprises (=5% of +he rock by weight) and
the carbonate {raction was originally composed of skeletal material. the
water bands are relatively weak comparvd to the carbonate bands. There
cre probably two reasoms for this, both related to diagenetic alteratiorn
of the rock, X-ray diffraction analysis shows the carbomste fraction is
cozposed primarily of low Mg calcite. Skeletal dsbris originally form-
ing the dune sand has been largely recrystsllized with attendant loss of
fluid inclusions (see Chapter 8). In addition, ths solutiom ard repre-
cipitation of the carbonate fraction has resulted in an increase in cry—
stal sizoe of the cartonste, and thus an increase in the optical path
length throogh the carbonate fraction, increasing the intensity of the
carbonste bands relative to the water bands. Figure 6.8 shows a photomi-
crograph of the Bellows Field eolianite sample from which this spectrm
was obtained.

The spectra of carbonate rocks containing clay can be difficult to
decipher because of the large number of features they contain., Studies
done so far indicate that liquid water in fluid inclusions is to be
found in vearly 211 carbonmate rocks. Thus, if clay ii present, sbsorp-
tion feastures due to clays are superimpossd on tiose due toc liquid
water. In the 1.%9um region thi: is furthexr complicated by the presence
ot two carborate bgnds in the spectra. Variations in intensities of all
thess bande due to variations in abundance of tbese phases, or due to
variations in crystal or inclusion size, will cause apparent shifts of

absorption features in thkis region. Band shape will no douot be ar
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important factor in determining th» composition of a rock. 1t is hoped
that st some futore time it will become possible to decomvolve these
spectra into their comporent parts of carbonate, water and clay. Vork
dous by Pamela Blake (1983) in using the LOWTRAN model to make correc-
tious for absorptions dne to atmospheric water in remotely sensed data

show that the potential exists for such s solution.
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CHAFTER 7

fydroas Carbonate Minerals

As discussed in the preceding chapter, Hunt and Salisoury
(1970), Hunt (1977), and others have shown thut the number, positicus,
and shupes ot water baras in spectra can de used te discriminate between
water and nydroxyl ioms bound in clays. These relationships between
spectral propertics ard the strte of HZO ana OH in compourds wiil be
used to examine some tydrated carpbonate phases.

Figure 7.. shows spectra of four water- apa hydroxyl-cuntaining
compounds.

The tirst spectrum is of a reagent grade chemical wnici was labelec
Cn(OH)z. This spectrum was odtained wit: the Perkin-Elmer 330. ZX-ray
diffraction indicates it 1s composed or Portlanaite (Cu[OHIZ) ana cal-
cite. The ratio of the irtensity of the major portlanaite peak (2.63)
to that ot the thz calcite major peak (3.03S5) is 10.6. All d-spacings
are given in Angstroms. The relationship between intensities ot reflec-
tion peaks due to different components in rircural mixtures and tne con-—
centration ot these components in :he mixture i¢ not linear, but depends

on such factors as grain size and shape, degree of crystali pertectrion,
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ana mass absorption cosfficients (Nuffijeld, 1966). These ratios of peak
intensities are only intended to give a qualitative picture ot the
degre~ nt contamiuation.

This tirst spectrum shows the sharp 1.4um band and the lack ot a
strong :.9um teature characteristic of OH F:aring species.

The second spectrum (2503) is of a sample ot a Baker Anailyzed
Resgent laveled 4MgCOQ.Mg(0H)2.nHZO. X-ray diffraction snalysis 1indi-
cates that it is indeed hydromagnesite (Mg5[C03l4[0u12.4H20). Tke spec-—
trum shows two broad absorptions near 1.4 and 1.9%9um. The 1.4um bana has
a sharp point due to the presence ot a shnarp OH bana superimposed on the
broader teature due to bound H20.

The third spectrum (12501) is of 2 Baker Anlyzed Reagent labelled

lead carbonate, PbC03. X-ray diffraction analysis indicates the szmple
is composed of cerussite (PbC03) and hydrocerussite (Pbg[CO312[0H12).
The ratio of the intensities of the two major peaks, (hydrocerussite,
2.62, cerussite, 3.59) is =2.8. This spectrum was taken with the Beck-
man DK-2A and sypsarc brighter tharn other spectra used in this stuuy
because MgO was used as a standard, ratler thau Halon. This spectrum
shows the sharp l.4um band cheracteristic of hydroxy! bearirg compounds.
It also shows a broad reature near 1.%um and tvo features of approxi-
mately equal intensity near =<2.30 and 2.45pum, The spectrum of cerus—
site, showa in Chapter 4, has one strong absorptior at 2.5um {carbonate
vand 2), and weaker absorptions (bands 3 to 7) shoitward of tris., The
2.45pm feature hkere is probably this carbonate bana 2. The 2.3um
feature 1s probahly ar CH stretch similar to that nobserved im clay spec~
tra. Although the spectrum is juite noisy the 1.%um band appears to be
centered &t longer wavelengths tharn the same bend in spectra of liquid
weter, and 50 is not due to liquid water in fluid inclusions. In addi-
tion there appears to be a weak 1.4um bend which is partially massed by

the OH band.
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The last spectrum is of annther Baker Analyzed Rzagent labeled zirnc
carbonate. X-ray diffraction amaslysis indicates the semple is composed
entirely of hydrozincite. The formula for hydrozincice is

ZnS(CO )o(OH)G (Hurlbut and Klein, 1977)., The spectrum of this sample

3
has two broad features near 1.4 and 1.9um. As in the hydromagaesite
spectrum the 1.4um band has a sharp OH bana superimposed on a broad Hzo
bana. It also has a double band near 2.4um.

These resulits have three major implicatiorns. First, both HZO ana
OH occur in hydrozincite, rather than just OH, as previously supposed,
The same is probably true of hydrocerussite, althcugh iv wculd appear to
contain less water than hydrozinmcite.

Second, whilc absorption baads due tc water im clays occur at
longer wavelengths and are narrower than those ir liquid water, H20
bands in hydrated carbonate pheses are broadex and occur at lownger
wavelengths than eqaivalent bands in liquid water spectra.

Third. reagent grade chemicais ars of dubious quality and and their

composition should be checked. Reflectance spectroscopy in the VIS ana

NIR offers a rapid, easy method of doing this.
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Agqueous Fluwid Inciusions im

Skeloetal Material

INTRODUCTION

2% wg~ seen in Chapter 6, watar is a strong absorber im this spec-
trs]l reg.on and produces stroug absorption featurss near 1.4 and 1.%um,
rlus & nmbder of weaker featasrcs. Hunt and Silisbury (1971, 1976) found
water hands in some of their carbonate mineral and rock spectra which
they sitributed to the presence of microscopic fluid inciusions. It was
found in this study that aqueous fluid inclusions &re nearly ubiquitous
in carbonate rocks and minerals, and ar- particularlv abundant in skele-
ts] material. The widespread cccurrence of these inclusions was previ-
ously unsuspccted, as previons studies were confined to those done with
petrographic microscope (Roedder, 1979), anad more recently with
transmission slectren microscopy (TEM),

Studies by Conger et sl. (1977) and Green et al. (1%80) of
slectron-transperent foils of coral skeletons, bivsive shells, aad
foraminifera tests show they contain "organic” inclusions withiv nd
betweer «aryetsls making op tie skeleton. In fasunlinid rests, voids
between crystals canga {rom about 10060 to less than 50 Angstroams i=

size, while the intra-granuluar voids have diameters »f 100 Angstroms or
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less (Green et al., 1°80), Bathurst (1971) notes that stromatoporoid
and echinodem skeletons have a dusty appesrance due to the presence of
inclusions. It is probaocle that these same inclusions produce the
absorptions in the reflectance spectium of & coral skeleton shown in
Chapter 6.1, and in the spectra of other skeletal matcrial showe (o this
chapter.

The widespread occorreace of thece inclusions has important impli-
cations for the diasgenesis of skeletal material. It is genersally
believed that all reactions within carbonate systems invoive a liquid
phase, even if it is only a microscopic film of water (Folk, 1965). The
fluid inciusions in skeletal material can serve as s medium of reactica
for these carbonates. It may also affect their relative stability,
material with abundant inclusions being less stable than that which
lacks them,

FLUID INCLUSIONS IN MOCERN SKELFTAL MATERTAL

Abundance of aqueous fluid inclusioms ip carbonate skeletsl
material varies from one type of organism %o another. Figures 8.1, 8.2,
and 8.3 show spectra of skeletal material from a variety of carbonate
secreting organisms, grouped according to skeletal mimeralogy. Figure
8.1 shuws spectras of skeletons of orgariams which secrete aragorite,
Figunre 8.2 low Mg celcite, and Figure 8.3 high Mg calcite. The coral
Porites, the scaphopod Deantalljum, the echinoid Echijnometza, the gastro-
pod Conuz, and the coralline red algse are all ipdigenous to Haweii
(Fielding, 1979; Kay, 1979; Mrzragos, 1977).

As these spectra show, the amount of fluid imclusions varies from
one type of orgenism to snother. Relative intensities of water and car-
bonate bands can give s semiquantitative estimate of the amount of water

present in & semple, Heating of skeletal materjal to 1.000o for one half
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Figure 8.2
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dour and measuring the amount of water evolved indicates corals and
coralline red algae contsin 2-3% water by weight. 1In general, skelctons
of low Mg calcite seem tc contain less wastivr than those composed of ara-
gonite or calcite. Shrpe and position of wator bands inm coccelitk and
planktonic foram spectra indicate tome cley is present in these sarples.
Despite (his, water bands in these spsctra are weaker relative o the
carbonate bands than in any other spectra of skeletal material studied
here.

Limited data are available on variations in amounts of fluid imclu-
sions in skeletons of individuals belormging to ths same taxomomic group.
In spectre of thres differeat samples ci Echinometrs shapss, relative
iutensities, and positions of water bands are very similar. All spectra
of skeletoas of Scleractiniam corals are also very similar, These
include representatives of fouzr differsnt gsnera: Porjtss, Montipora,
Pocillopora, and Fungja. The molluscs, on the other hand, show some
variatinon. As Figuore 8.4 shows, the lamellar and vesicular layers froam
a Crassostres shell contain differeat cmounts of fluid inclusions, as
shown by the intensities of the water bands relstive to the carbonste
bands in their sypectra.

When crystsals grov ii a4 fluid medium, any process that interferes
with the growth of a perfect cryst2l can cause trapping of primsry
inclvasions (Roedder, 1981). Roedder (128i) notes that rapid crystal
growth <(an result im a porous, dendritic stincture, wheress slower
growth forms solid, 1impervious layers. Differences in fluid {ianclusicn
content among different organisms may reflect Aifferences in rate of
shell growth. Another possible cause of differences in inclusios con-
tent betwoen different orgsnisms may te dilferences in meckanisms by

which skeiestzns and shells sre huniit,
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The exact form in which the water in skeletal material occurs is of
interest. As was shown in Chapter 6, the water bands in the spectrum of
the coral skeleton ere simila:s inm shape and position to those producaed
by liquid water. Thus the water in coral skeletong is probably ir
liquid form.

Results of spectral studies reflect the catremely small size of
many of these inclusions. Tn the coursze of this study, spectra were
taker of botk whcole and puwdered skeletal materisl of a modern coral.
Figure 8.5 shows a la—-In plot of the spectra of a whole Montjpors skele-
ton collected from a reef oan the porth shore or Oashr and blesachzd iu
HZOZ' and a powdered sample of the samc skeleton, groumd a2d then
bleachked a second time. TELe plot forms essentially a straight line. As
discusgsed in Chapter 3, this indicates that the relativae intensities of
absorption bends within the two spectra are the same, and thst tkerefore
the fluid inclusion content of the two samyles is essentially the same.
Grinding and bleaching the sample did not significantly =szlter its fluid
inclusion content. This means that the inclusions are very small even
in comparison with the graias of the powdered sample, and that after
grinding, a substantial asmmbor remein.

It slso means thst, to a {irst order approximation, grisding and
subjecting samples to a second bleaching treatment is upnecessary, ~s
the spectral properties of tke whole samples do not vary szignificantly
from those of the powdered ones, f(mce the liviag tissume of the animsl
or plant has been removed, further rtrveztment #ill mnot sabstantially
zltsr the spectrai praovertiss of the sanple. Yn fact, additiona!l
bleaching, in HZO2 zay b»s undesirsble. as it is acid and might atch the
sample, inccieasirg its sarface area and therefore “ie amcunt of water

which is adsorbed on its surface. Detaiied studies of etched and
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unetched sampler will bu needed to determine i1f carbonates can adsorb
cuantities of water large enough to add features to their spectra.

It may be thut not all water i1 skeletal material is present as
flui¢ inclusions, Close exsmination of the plots in Figures 8.1, 8.2,
and 8.3 indicate that water bands inm spectra of skeletal material vary
in shspe and positior indicating watsr may occur im other forms.

Mackenzie ot gl. (1983) summarize the existing experimental evi-
dence for the presence of hydroxyl groups or water im high My calcites,
and presents transwission data in thy MIK which indicate that OH or HZO
is present and is associated with the MgCO3. dowever, they mnote that it
is not possibie to determine whether the phase present is OH cr HZO'

The fact that NIR spectra of high Mg calcites have a atromg J.%um
band indicate: the phase present is HZO ra‘ier than OH. VWater bands in
spectra of skeletons composed of high Mg calci:i» are broader and occur
at siightly longer wavelengths than those 1in spectra of skeletal
material c¢omposed of aragonite and low Mg calcite. As was seen in
Chapter 7, water bands dcte to bound water in in hydrated carbomate
minozass are broader und occcur at longer wavelengths than those in
liquid water. Thus, some of the water in skeletal material of echinoids
and corall)ine red algas may be in the form of water of hydration.

X—-rey diffractinn work shows that some skeletal material of red
algae conttins Mg in the form of brucite (Mg[OHJz) rather than as Mg
calcite (Schmalz. 1965: Weber and Kaufman, 1965). There is ro clear
indicatinnp of features due to MgtOH)z in the spectra shown hersa. How-
ever, spectra of all the high Mg calcites were taken on the University
of Bevaii spe-trumeter, An instrument with greater spectral resolution
than this one might allow detection of some of the features which Mara
and Southerlend {(1957) found are chasracteristic of brucite spectra in the

2.0 to 2.5um region.
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LOSS OF FLUID INCLUSIONS DURING DIAGENESIS

Spectral studies indicate diagenetic procssses alter the fluid
inclusion content of shele.al material. Figure 8.6 shows spoctra of a
fossil Porjtes skeleton collected at a depth of =15 meters from a core
taken in a Pleistocens reef near Barbers Poiat on Oaka. ¥ruy diffrac-
tion analysis shows that the fossil skeleton has beon alterad tc low Mg
celcite. In thin sectiom it can be seen that the coral has been altered
to coarse, locky calcite spar. Figure 8.5 alsc shows spectra of two
Plui stocene encrusting ~oralline red algae. Again, X-ray diffraction
indicates the fossil algae hive been altered to low-Mg calcite. Spectra
of these samples may be compared to those of the modern coral snd modern
coralline algae shown in Figures 8.1 and 8.2. Soch comparison shows
that in both cases, the coral and the coralline alges, the change in
mineralogy has been accompanied by a losas of flunid inclusioas, as indi-
cated by e decrease in the intensity of the wator bands relative to the
carbonate hands in their spectra. Analysis fnr water as described above
indicates the amount of water has dropped to a few tenths of a par cert
by weight in the fossil materis!. The loss of watsr accompanyinygy the
change from high to low Mg calcice indicates tkat the wster in these
calcites is associuted with the M3C03 component, as sugzcstszd by McKern
zie. g9t al. (1983), and others.

Shapes of water bands may provide additiozsl evidence four the agso-

ciation of H O with the M;CC3 phass in high Mg calcites. Figure 8.7

2
shows spectra of the modern and fossil corzlline redi »igae plntted
together soc that they may be more casily comparsd. Note that vot only
the relative intemsitieg, but alsc the shapes of the wuter bands have

changed in the spectrum c¢f the fossi] elga. The baulges on the jong

wavele=zih sides of the .4 =nd 1.%um bands are gone in the fossil
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spectrum and the water bands are shaped much like those in the wet Ice-
land spar spectrum shown in Figure 6.1,

Yhen neomorphic calcite spar replaces original aragonitic skeletal
material, relict skeletal aragonite crystals remain ss solid inclusions
constituting a few per cent, by volume, of the rock (Sandberg, 1975;
Sandberg et al., 1973; Sandberg and Hudson, 1983). Scanning electrcn
photomicrographs of a broken surface of the Pleistocene coral etched
with dilute acetic acid show such relict crystals embedded in the coarse
calcite spar (Fig. 8.8). Although the replacement spar undoubtedly
contains some inclusions it may be that these relict aragonite crystals
now contain the bulk of the liquid water which causes the absorption
bands observed,

Limited laboratory data also illustrates the loss of fluid imclu-
sions with change in skeletal mineralogy. Figure 8.9 shows spectra of
powdered samples of a coral skeleton before heating and after the semple
bad been heated at 200°C for 26 hours, and at 230°C for 72 hours. As
can be seen by weakening of the 1.4 and l.5um water bands relative to
the carbonate bands, and by the disappearance of the 0.92 and 1.20um
water bands, the amount of water in the sample has decreased. X-ray
diffraction analysis of the heated samplesx indicate they have bsen par-
tially altered to calcite. At one atmosphere of pressure dry zragonite
spontaneously alters to calcite at tomperatures of 400°C or higher (Deer
et al., 1962). DUndoubtedly the change in mineralogy has been facili-
tated by the fact that the skeletal material is not dry.

Figure 8.10 shows that recrystallization of skeletal material even
without change in mineralogy is accompanied by loss of fluid incl=uxions.
These three sﬁoctrn sre of core <amples from DSDP gsite 289 on tbz Ontong

Java Plateau. The samples are 0.7, 28, and 57.7 million years old,

- 175 -

3



S

l}
2
I S

.
-
P S

-
Y

@ 68
—pe
/

b Y . i
CORAMLL INE . '
o | 4 RED AccaAt i * -
H -
g o 14 PLEISTOCENE
- 1 i N' - bl
a r . . -
Iy s: r N
g $ . N »
—
- @ [ g i
S« .
CEEN -~
3 ® ]
2 !
¢ s M e j
. Y -
@i ' .""l ‘.,
I
- BT T d
H CORMLLINE REL i .
) . .
L AGAE A o) 2o
} PLEISTOCENE “’ , 4 ;
- . <
[ X b T
-y . . —
e . :
L
i R :
| T
- -
N L] |
! . |
S . -
Y :
v‘,_ s -
s a |
i
P P G B N B
2 82 1. 28 oe 2 48

1 688 2
WAUELENGTH IM MICROMS

Figure 8.6 Spectra of fossil coral and coralline algae which have been
altered to low Mg calcite,

- 176 -

- )



e VK i, A ew Dy ~

T B ‘ T  F T ] L T L r T T Ll ﬁ L ¥ L] I T 1
- “xx -
8 Y
ol iy
bl !
F I FOSSIL %
:\ ’ I /N'
-] F [ :
. x -
o . !
- JW . -, . N
[ . “‘ .
2T = o ]
S MOBERN . o
i & ‘\ . L]
- i \ ﬁ P
i ] YA
-4 ) ¥
W b} \
5T . t ]
gs ¥ X
- —
< ® .
" .’“..
, \ |
L ; ‘J"‘ s
\\ ’r/ .
R - ~. _
*
- . -
* i
g v
- . l i de, -l i A 1 1 l 1 i 1 l .Y Y 4 [ e
2 8@ 1.20 1.68 2.08 2. 40

WARUVELENGTH IN MICRONS

Figure 8.7 Spectra of modern and fossil coralline red algae showing
change in shape and intensity of water bands accompanying change in
mineralogy.

- 177 -



T Al l T Ll l L] T T l = 3 Ll 1 I L 1] Al I L)
s
- -
FOSSIL \
S 1 ="
| ¥ ‘ 4
g w2
K- v \
e \_. J -
E o \ YA )
B MODERN \ Wi
oy ‘ ..
g ',J-"""-. Y
W . \ "
5T . .
s Y
=0 -
g -
i
‘ .
L | \ E
v
\
» o
N B -
o .
X
LI
gL v
s
A R 1 o 8 - L 3 ' L l 1 1 L l p A ' L T .
2 8@ 1.20 1.68 2.8 2 48

WAVELENGTH IN MICRONS

Figure 8.7 Spectra of modern and fossil coralline red algae showing
change in shape and intensity of water bands accompanying change in

mineralogy.

- 177 =



4y

s

RN RAAN A o

ORIGINAL Pa;™ -
OF POOR QuaLiTY

Figure 8.8

SEM photo of etched surface of fossil coral showing relict

aragonite crystals. Magnification 3000X,

- 178 -



r"“"'f.oa’"\“< . ‘ls"

]
b4
ORIGINAL pac—
OF POOR QUALITY
Figore 8.8 SEM photo of etched surface of fossil coral showing relict
! aragonite crystals. Magnification 3000X.
L

- 178 -



e xR e

URICHIAL Pros %
IF POCR QL;,.:.‘Q_H;;}

- T T T T T
< ] 4
g,_ ' ’fi\ |
B -
® | Qe Yoe_ ‘
L | v N .
L]
3 - J
‘ I .-
3 hd . ~
t ‘ ’ “ ‘
r * O' " —
-
] /“-ﬂ'\‘. o .
5 200C - .
b - L]
S 26 HRS ]
- . po—— -
z . s »
z ) ~ ]
< } * * 3
o = ‘-: \ -
- M -
x @
SO ] -t
= sl ‘ P
: ¢ AT 1
3 * ¢
@ !
< ‘ . "'. L
R /A‘“ . . ]
L] ' v N
230C 4
N .
- 72 HRS P '
o » AV
g
s ) h
: ~. )
Vo4
2 ¢ \
= Vo i » T
s . !
L * e
- w Y . -
P’
[}
3L -
L .
o v
]
3L -
[
R S T R AU VS E SR
2.80 1.0 2 9 2. 40

1.68
WAVELENGTH IN MICRONS

Fignre 8.9 Spectra of powdered coral skeleton befor

- 179 -

e and after heating.



1
4
/ \‘f'\\ i

00ZE |

ABSOLUTE REFLECTANCE
@ 80

@ ga
—

LOERL

N iihans e %

e 8@
T
p |
1

e 78

PSS U U S S S U G S NN S SIS e |
1.20 1.80 2.48
WAVELENGTH IN MICRONS

Figure 8.10 Spectras showing loss of fluid inclsvions during the ooze-
chalk-limestone transition in deep sea csrbonates.

- 180 -



3L -
[}
3 CYSTER \1 ]

PLEISTOCENE \

o )
o3 ( -
4 -
£ ) \ *
Pt \ \
g F . i
- ~
oo »
Tg "% L
W =
5 CRETACECUS ] .’wﬁ“!‘ii ~
§ F AMMONITE L -
g | ! 3
\ LN
2

S

I A J
S
| Y

Figure 8.11 Spectra of unaltered fossil material which retains original
skeletal minerslcgy and fluid inclusion content.

- 181 -



P A XN e T T

respectively (Andrews ¢t sl.. 1975) and show the loss of fluid inclu-
sions during the solution and reprecipitation of calcite accompanying
the coze—chalk-limestone transition. These samples are all composed of
similar proportions of coccoliths snd forams (Andrews et sl., 1975), so
the differences in relative band intensities can’t be attributed to tax-
onomic differences. The change in fluid inclusion content is reflected
in the changes in relative intensities of the water and carbonate bands.
Calcareous oozes are composed almost entirely of coccoliths and test of
rlanktonic foraminifera, both of which are composed of low Mg calcite
(Milliman, 1974). During diagenesis accompanying burial, calcite is
dissolved from the more soluble portions of foram tests and coccoliths,
and is redeposited as cement and overgrowths om other calcite grains
(Schlanger and Douglas, 1974). Manghnani et al. (1980) found that
this process was accompanied by a loss of strontium. It would appear
that it is also accompanied by a loss of fluid inclusions,

Increaze in the absolute intensities of carbonate bands also accom—
panies this change. This reflects the coarsening of crystais within the
rock as a result of solution and reprecipitation. This increase in
intensity can be seen in these spectra in spite of the fact they had
been disaggregated (oozes) and ground (chalk, limestone) for chemical
analysis. Studies of spectral properties of a suvite of unground DSDP
samples from the same drilling site will give a more detailed picture of
this type of alteration.

Spectrs in Figure 8,11 show that where skeletal material bhas not
been altered, the fluid inclusion content remains unchanged. The Creta-
ceous ammonite whose spectrum is shown is still composed of aragornite.
The Pleistocere oyster Chama (Eay, 1979) was collected from a raised

Pleistocene reef at Ulupau Head on the windward coast of Oahu, and is
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composed of low Mg calcite, as are many mosern oysters. Im thin section
the oysters show no evidence of recrystallization. The spectra of the
ammonite and the oyster are very similar to spectra of shells of modern
aragonitic and calcitic molluscs shown in Figures 8.1 and 8.2. This
indicates fluid inclusion contents are very similar in the modurn and
fossil materisl. Thus, fluid inclusion content is potentially a useful
tool for determining whether skeletal material is primary, or has under—
gone slteration.

Relative intensities of water and carbonate bands in the two Pleis-—
tocene coralline red algae spectra shown in Figure 8.6 indicate that
while both samples are depleted in fliud inclusions relative to the
modern skeleton, they have not been depleted to the same degree. The
first spectrum is from an algs from the ssme raised Pleistocene reoef as
the oysters discussed above. This reef grew during the last intergla-
cial during s time when sea level was higher than at present (Stearns,
1974, 1978), and since that time has been exposed in the vadose environm
ment. The second spectrum was takem from a sample collected from
depth of 15m from the same core as the fossil Porites. Petrographic
evidence indicates these samples have undergone diagenesis im the fresh
water phreatic enviromment. Thus the two samples, altered in different
enviromments, have different aqueous fluid inclusion contents.

Three coral samples whose spectra are shown in Figure 8.12 and
which are pictured in Figures 8.13a, b, and c illustrate arother example
of variations in fluid inclusion content correluted with variations in
diageonetic enviromment,

The first spectrum is of = coral sample taken from a depth of =8.3m

in a core drilled by the Hawaii Department of Land and Natural Rescurces
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histories.

Spectra of three coral samples with differenmt diagenetic
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Figure 8.13a Photomicrograph of Pleistocene coral which has undergone
dissolution., Magnification 40X
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Figure 8.13b

fabric selective mossic

enviromment.

Photamicrograph

Magnification 40X

of Pleistocene coral which has shows

characteristic
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Figure 8.13c Photwumicrograph of Pleistocene coral wh'ch shows coarss
calcite mosaic characteristic of diagenesis in the phrestic enviromment.
Mzgnification 40X
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on the Waimanalo coastal plain. The sample is from the Waimanalo Forma-
tion which consists of reef and associsted limestone. deposited during
the last Pleistocene high stand of the sea (Lum and Stearas, 1970). Lum
and Stearns (1970) report that this limestone is highly porous and has
undergone only moderate leaching and recrystallization. A photomicro-
graph of the sample, shown in Figure 8.13a, shows that the sample has
undergone some dissolution, but that no necmorphic replacement has
occurred. The spectrum of this sample, the first in Figure 8.12,
reflects this, as it looks much like those of fresh coral samples.

The second spectrum in Figure 8.12 is that of a coral sample taken
from a depth of 33.8m in the same core. This sample came from the top
of the Ksena Formation, sanother Pleistocene reef limestone (Lum and
Stearns, 1970)., The photomicrograph of this sample shown in Figure
8.13b shows the fabric selective calcite mosaic which Pingitore (1976)
found to. be characteristic of coral skeletons altered im the vadose
enviromment.

The third spectrum in Figure 8.12 is the same as that shown in Fig-
ure 8.6. Figure 8.13¢c is s photamicrograph of this sample which shows
that the coral bhas been altered to coarse spar which displays the
cross—cutting calcite mosaic characteristic of alteration in the
phreatic enviromment (Pingitore, 1976).

Both the second and thirxrd spectra show a marked drop im fluid
inclusion content as a result of their neomorphic replacement by cal-
cite. However, as with the red algae, the two specimens have not been
depleted in fluid inclusions to the same degree, again indicating fluid
i{nclusion content may be related to enviromment of diagenesis.

Although these results are in no way conclusive, they do suggest
that fluid inclusion content may reflect diagenetic history of skeletal

material,
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While these results are in no way conclusive, they do suggest some
interesting possibilities. Optical methods of studying flvid inclusions
require that inclusions dbe 1 - 2um in dismeter, and the best material
for such studies comes from large, well-formed crystals (Roedder, 1979)
Roedder (1979) concluded that most enviromments of sedimentary
disgenesis recorded by these fluid inclusions involve the presence of
hot, saline brimes. Reflectance spectroscopy can’t provide the detailed
information on the chemistry asnd phase relationships of aqueouns inclu-
sions which can be detemmined by optical and other techmiques. However,
it provides a tecknique for acquiring some information on formation and
loss of aqueous fluid inclusions in materiu.ls which are too fine—grained
to be analyzed by these other techniques, and will sllow information to
be obtained on near-surface diagenetic pr: esses which do not fomm
large, well-formed ~rystals.

Thus the presence and relative abundanc-s of fluid inrclusions are
potentially useful diagemetic indicators, and may aid in determining
whether skeletal material has undergone alteration., It may alsc be that
fluid inclusions provide a medimm in which diagenetic alteration can
take place and so may be a factor affecting the relative stability of

different types of skeletal material with the same mineralogy.
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Remote Semsiag Applications

INTRODUCT ION

Reflectance spectroscopy in the VIS and NIR (0.35 to 2.5um) hss
potential applications not only as a laboratory tool, but also as a tcol
for remote sensing (Adams, 1975; Goetz et al., 1982, 1983; Humt, 1977;
Hunt and Sglisbury, 1970; and others)., This chapter will examine the
types of data on carbonates which it should be possible to obtain
remntely, and will discuss some of the problems involved in obtaining
them, and how some cf these problems mesy be overcome.

When c¢nllecting syectral data on rocks exposed at the Earth’'s sur
face from sircraft or space craft several factors may contribute to the
spectrur which is obtained. In order to obtain the maximom amount of
information from remotely 3ensed data, each factor must first be iso-
lated and dealt with separately, so that its contribution to the
remotely sensed data is well understood.

Factors contributing to a remotely obtained spectrum include the
solar spectrum, the stwosphere, and instrument response (Sabins, 1978).

Depending on the geographical area being studied, spectra may be
obtained from other Earth surface materials than bedrock. Vegetation
may cover outcrop sreas, and indeed Goetz et al. (1983) state that
vegetation covers approximately two thirds of the land surface.
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Vegetation often varies from ome bedrock umnit to another and variation
in vegetation is a standard tool nsed in geologic mapping both in the
field and from serial photographs (Compton, 1962; Lahee, 1941). Landsat
imagery, especially sensitive to differences in types of vegetation and
to symptoms of stress in vegetation has greatly aided geobotanical stu-—
dies (Richardson, 1983; Sabins, 1978). As with vegetation, soil charac-
teristics may reflect the nature of the bedrock below, and bc used to
trace contacts between rock units (Comptom, 1962).

Given that all these components cam be identified and isolated in a
remotely obtained spectrum, how will the component contributed by car-
bonate rocks themselves appear? The purpose here is to examine in
detail the compoment of the remotely sensed spectrum which results from
the interaction of light with carbonate rocks, i. e. the spectral pro—
perties of carbonate minerals and the mixtures of different phases which
make up carbonate rocks which form the thick sedimentary sequences
foond in the stratigraphic record. Consideration must also be given to
the effects of exposure in the subserial enviromment on petrographic
characteristics and on spectral properties of carbonate rocks. And
since strong atmospheric absorptioms in the 1l.4um snd 1.9%um regions may
mask spectral data in these regions, it is necessary to consider what
may be learned about carbonate rocks from the remaining accessible
regions of the spectrum. Finully. it is necessary to determine what, if
any, information on carbonate mineralogy and chemistry can be determined
from oxisting data sets, specifically Thematic Mapper (TM) and the Shut~

tle Mapping Infrared Radiometer (SMIRR).
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SPECTRAL PROPERTIES OF CARBONATE MINERALS

In ancient sediments which are the targets of remote sensing, cal-
cite (C1003) and dolomite (CaMg[COslz) are the most sbundant carbonate
phases encountered. As discussed in Chapter 3, these two minerals can
roeadily be distinguished on the hasis of their spectral properties. All
the carbonate bands in aclomite spectra occur at shorter wavelengths
than equivalent bands in calcite spectra, and the positions of the two
strongest carbonate bands, bands 1 and 2, are sufficient for discrimina—
tion of these two minerals. F32+. which commonly substitutes into both
calcites and dolomites produces absorption features near 1.6um. Iron
bands imn calcite spectra differ in shape and position from those in
dolomite spectra and, in addition to indicating the presence of iron,
can aid in mineral identification when they are present.

Absorption features due to F32+ and Mn2+ occur in the 0.35 to 1.3um
region of the spectrum. Relative intensities of these foatures reflect
concentrations of these cations in the mineral species, as was shown in
Chapter 5.

Blake (1983) states that the three strongest atmospheric absorption
bands, those centered at 1.4, 1.9 and 2.6um will reach saturation at sea
level., and no spectral data can be obtained in these regions. She found
that in a limestcone spectrum measaured in the field, the carbonate bands
near 2.3 and 2.5um could be detected. Collins et al. (1981) also found
features in IAS data which they attributed to calcite seen in outcrop.
In addition, Blake (1983) fonnd that in basalt spectra measured in the
field the 1.0um feature due to F92+ was detected. Similar crystal field
bands in carbonate spectra should also be detectible in remotely zensed
spectra. Thus the spectral festures which are diagnostic of mineralogi-
cal and chemical composition in carbonate rocks can bs detected by

remote sensing techniques.
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SPECTRAL PROPERTIES OF NON-CARBONATE PHASES

Although limestones and dolostones may be composed almost
exclusively of calcite and dolomite, respectively, other phases may be
present which, even in small amounts, may contribute features to the
spectra of carbonate rocks. Some of these are illustrated in Figure
9.1, and include: 1) Iron Oxides, 2) Liquid water in the form of fluid
inciusions, 3) Clays, 4) Chert, 5) Organics, and 6) Iron sulphides.

1) Irom Oxides

Carbonate rocks may contain small amounts of irom oxides. Spectral
properties of irom oxides have been described by Hunt and Ashley (1979),
Hunt et al. (1971), Singer (1981, 1982) and others. Typically they
have absorptions near 0.89, 0.63, 0.45-0.50 and 0.4um. These absorp—
tions occur in the ssme region as those due to Mn2+, and work is under—
way on distinguishing the two. The first spectrum inm Figure 9.1 is of
an oolitic limestome which contained pyrite that has been 2ltered to
iron oxides (Jenks, 1972). This spectrum has absorptions near 0.50,
0.62, and 0.89um which can be attributed to F03+.

2) Clay

Spectral properties of clays are described by Humt (1977), Hunt and
Ashley (1979), Hunt and Salisbury (1971), and Hunt (1977). Some of these
features are illustrated ir Chapter 6. Features near 1.4 and 1.9um will
be masked by atmospheric water bands. dowever the features im the 2.2
to 2,.3um region which are characteristic of clays (Hunt, 1977, and oth-
ers) can be used for mineral identificatiom. The second spectrum in
Figure 9.1 is of a clay-carbonate mixture, and shows the 2.3 and 2.5um
bands of calcite as well as the 2.2um band characteristic of ksolinmite.

3) Liquid water in fluid inc;lnsions

Results of tuis study indicate that fluid inclusions occur in
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nearly all carbonate minerals and rocks (see Chapters 6 and 8). While
the centers of absorptions due to liquid water would be masked by atmos-—
pheric water bands, the wings of the stromg stretching modes centered
nea= 1.9 and 3.0uym can affect spectra in the 2.0 to 2.5um region. The
third spectrum in Figure 9.1 is that of a calcite which contains a few
tenths of a per cent water by weight.

4) Chert

While quartz has no absorption features in this region, preliminary
studies of spectra of chert nodules indicate they may have clay-like
features in their spectra. Such features might be dne to a hydrated
silica phase. Because quartz itself does not absorb in this wavelength
region, very minor amounts of such material would produce featunres in
the spectrum. A spectrum of a chert nodule is shown in Figure 9.1.
Fuorther study will be required to determine if the presence or absence
of chert, a feature of carbonate rocks whick is of importance in strati-
graphic and disgenetic studies, can be determined from reflectance spec-
tra.

5) Organics

Prel iminary studies indicate that organics lower the albedo of car-
bonate rocks and give their spectras a general negative slope. Figure
9.2 contains an illustration.

6) Iron sulphides

Pyrite in the form of small scattered grains is nearly ubiquitous
in carbonates rocks (Pettijohm, 1975). The last spectrum in Figure 9.1
is that of a pelletted mudstone which contains disseminated pyrite. The
sample is from the Mississippian Lodgepole Formation in central Montara.
The pyrite gives the rock spectrum its low albedo and tbe broad absorp—

tion band near 1.0um.
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EFFECTS OF WEATHERING

WVhen carbonate rocks are exposed at the Earth’s surface in the
subaerial enviromment they may be altered. Rocks accessible to remote
songing will have been affected by processes acting in the fresh-water
vadose envircmment. This means the rocks are exposed to fresh water,
rather than ses water or brines, aad that they reside above the water
table where pore spaces are partially filled by water (vadose), rather
than below the water table where pore spaces are entirely filled by
water (phreatic). Carbonate rocks in this enviromment may be affected
by certain diagenetic processes which will alter their spectral charac-
teristics. These include 1) Dissolution, 2) Formation of duricrusts or
calcretes, 3) Oxidation, and 4) Dedolomitization.

Rain water dissclves CO2 from the air and from soils according to

the reaction
HZO + CO2 = HZCO3

{Longman, 1980). The weak carbonic acid dissolves carbonate minerals
and carries them downward in solution until they are removed by rivers
to the ocean, or until the solution becomes saturated and precipitates
CaCOs, generally as low-Mg calcite.

In humid climates partial dissolution of carbonate may occur leav-
ing behind a surface of porous, fine-grained carbonate which will appear
white in outcrop (Lahee, 1941). Although the surface will still have
the spectral features typical of carbomates, increased scattering dume to
the decrease in grain size and the increase in porosity will not only
make the reflectanca spectrum of these rock surfaces appear brighter
taan that of fresh rock, it will result in weakening of the absorption

bands (see Chapter 3).
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In arid or semiarid erviromments where evapotranspiration exceeds
precipitaion, CaCO3 dissolved by meteoric waters is not leached away
frow soils, sediments and bedrock, but is redeposited to form calcretes
(Goudie, 1983)., Calcretes are composed primarily of microcrystalline
low Mg calcite, but may contain silica, alumina, and manganese and irom
oxides as well (Goudie, 1983), Their petrologic characteristics are
markedly different from those of the rocks on which they form (Arukel,
1982; James, 1972; Multer and Hoffmeister, 1968; Read, 1974). Figure
9.2 shows a photograph of a laminar calcrete developed om Pleistocene
limestone exposed in the Luslualei Valley on the leeward coast of Oahu.
Staining by irom ocoxides make the laminae easily discernable in the pho—
tograph. Arakel (1982), James (1972), Multer and Hoffmeister (1968),
Read (1974), and others describe the petrographic characteristics of
calcretes.

Figure 9.3 shows spectra of s laminated calcrete and of the unal-
tered dune rock below. This sample is from one of the Pleistocene dunes
which form Laie Point on the north shore of Oaha., X-ray diffractionm
analysis shows the dune rock is composed of aragonite and high and low
Mg calcite, as would be expected of an eolianite composed of reef
derived skeletal debris. The crnst is composd of low Mg calcite. The
spectre reflect the mineralogical and textural differences. The low
albedo and overall negative slope of the spectrum is due to the presence
of algae which were growing on the surface of the rock. Goudie (1983),
Klappa (1979), Krumbein (1968), and othexs discuss the role organisms
may play in calcrete formation.

Despite these significant changes in texture and composition, the
roc. can still be recognized as a carbonate. However, the spectral pro—

perties of the calcrete are not characteristic of the dume rock below.
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This example illustrates the magnitude of the differences which may

exist botween spectra of carbomate rocks, aad spectrs of calcretes
formed by alteration ¢f those rocks.

Calcretes should be of particular interest to those doing remote
scasing work because they tend to from in the arid to semiarid regions
where lack of vegetation and soil cover allow spectras of rock surface to
most exsily obtained. Also, as Arake]l (1982) notes, calcrete formation
is a rock-facies transgressive phenomenon. The properties of cclcretes
reflect the characteristics of the enviromment in which they form,
rather than host lithology, and the same calcrete layer may extend
across different carborate units,

Calcretes may alsc be associsted with nomcarbonate soils and
rocks. Although they tend to form as a distinct s3cil horizcn below the
surface, they may be exposed at the surace as well., They may also take
tho form of calcifiod soils - structuoreless soilis weakly cemsnted by
calcite (Goudie, 1983). Thus the existence of calcretess may add car—
bonate features to the spectral signatures of nomcarbonate bedrock.

Further studies of the spectral properties of calcretes would be of
considerable value in remote sensing.

Oxidation will also affect rocks ian outczop. Pettijohn (1975)
states that pyrite is found in small amounts in almost all carbonate
rocks, and occurs s small scattered graims which will oxidize to form
limonite. Iromrich dolomites «re also unstable (Rosenmberg and Foit,
1979), and alter to form iron oxides and give dolomites the buff color
which is commonly used to distinguish dolomites from limestomes in the
field (Pettijohn, 1975). Thus features due to Fes* should be very com-

mon in carbonate spectra.
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Organics may be bleached out of rocks im ountcrop. This will make
spectra of these rocks appesr bdrighter thanm spectra of fresh rock
(Lahee, 1941).

Dedolomitization, rerlacement of dolomite by calcite, may also
occur in the subaerial enviromment. Although generally comsidered to be
of rether limited occurrance (Pettijohn, 1975), Back et a]. (1983)
found that dedolomitization is occurring on a regional scale in the Mis—
sissippian Pahasaps Limestone, a Madison equivalent, in the Black Hills.

APPLICATIONS OF SPECTRAL INFORMATION

Seventy per cent of all stone quarried in tke U. S. is limestone.
In the U. S. 91301bs. of stone and 8201bs of cement are used each yvear
for each citizen (Hemric and Block, 1979).

For many industrial and chemical applications limestones and dolo-
stones of high minerslogical (295% calcite in limestone, 297% dolomite
in dolostoues) and chemical purity are required. Knowledge of the clay
content of limestones is important for manufacture of Portland cement.
The sensitivity of reflectance spectroscopy to the presennce of Fe2+,
iron oxides, and clays should make it possible tn evalumate the suitabil-
ity of carbonate deposits for industrial use.

Fifty per cent of the world's oil supply is contained in carbonate
reservoirs. Reservoir properties of carbomate rocks are genmerally conm
trolled by diagenetic rather than depositional processes, as diagenetic
processes such as compaction, cementation, and dolomitization are crea-
tors and destroyers of porosity (Longman, 19821), Information on
wineralogy and minor element chemistry of carbonste ssquences are of
importance in deciphering the diagenetic history of these rocks

(Bathurst, 1975).
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If chemical and mineralogical information on carbonate rocks can be

acquired remotely, it will greatly facilitate exploration and exploita-
tion of carbonate resevoirs.
SPECTRAL INFORMATION OBTAINABLE FROM EXISTING DATA SETS

Festures in reflectance spectra of carbonates which are diagnostic
of mineralogy and chemical composition fall within the terrestrial
atmospheric windows, and therefore can be of uss in remote senging stu-
dies. Can tlese diagnostic reatures be studied using existing data
sets?

Figures 9.4 and 9.5 show spectra of three mineral and five rock
samples comvolvad to Thematic Mapper (TM) and the Shuttle Multispectral
Infrared Radiometer (SMIRR), respectively, by the method described by
Singer et al. (1984). The mineral samples asre some of those discussed
in Chapters 3 and 6. The rock sampies were collected from the locali-
ties given below. The samplcs are, in order, a calcite (1531), s dolom—
ite (6509) , a weathered ferroan dolomite (6502), an oolite and a dolom—
ite ¥+ m the Mississippian Lodgepole Formation in central Mortans, s
dolomite from the Silurian Gower Formation in eastern Iows, a limestone
from the Niobrara Chalk in western Kansasz, and an e¢olianite from the
Pleistccene Bellows Field Formation on Oahu, Haweii. The mineral spec—
tra have higher albedos than the rock spectra because the former were
obtained from powders, the latter from whole rock samples.

The calcite and dolomite spectra (samples 1531 and 6509 discussed
iu Chapter 3) sre from fresh, unweathered samples which contain little
or 0o iron in solid solution, They show the straight line at shorter
wavelengths and the carbonate bands at lomger wavelengths typical of
carbonates {see Chapter 3). Th; third spectrum is of a ferroan dolomite

or ankerite (sempie 6502 discussed in Chapter 5) which has been
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westhered to a yellow brown colox. The reflectance spectrum shows car-
bonate bands between 1.7 and 2.5um, a stronmg iron band near 1.0um, and a
strong sbsorption edge into the nltraviolet due tc the presence of ironm
oxides.

Spectra of carbonate rocks show a variety of spectral features in
addition to the carbomate bands. Spectra of the Mississippian oolite,
Silurian dolomite, Cretaceous chalk, and Pleistocene eolisnites all show
absozption features in the 0.4 to 0.9um region atrributable to the pres—
ence of irom oxzides, as discussed above. They show absorption festures
due to fluid inclusion near 1.4 and 1.9um.

A comparison of the two dolomite sapectra is of interest. Both
dolomites have the usual buff color in outcrop gemerally attributed to
the prezence of iron oxides, as mentioned above. The Mississippian
dolomite, however, hss a smooth drep-off{ throughout the visible range,
with no discernmable absorption fszatures. FEven refloctxnce spectra of
amorphous Fa3+-benring glasses shown bv Singer (1982), and a spectrum of
X-ray amorphous irom oxides taker by tke author have discreet. albeit
broad and wesak, ahsorption features inm this region. Nox does this
dolomite spectrum show amy featnres duc to F02+, g2nerally considered to
be the source of the iron oxides which give dolomites their characteris-
tic buff color. The source of this color, and of the smooth fall-off to
shorter wavelengths in the spectrum are not understood at present.

Goetz et al. (1982) and Rowan and Kahle (1982) noted the difficulty
of identifying mineral species, or evem distinguishing carbonates from
clays using TM data. The spectra shown in Figure 9.4a ccnvolved to TM
bands tend to confirm this. Although the absorption bands due to irom
oxides in the visible region are reflected im the TM bands, the two
chunnels in the NIR are insufficient to give any real information about

the curve in tbhe infrared.
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SMIRR was designed to make greater use of absorption bands at
longer wavelengths, especially inm the 2.0 to 2.5um region Goetz et al.
(1982) concluded that carbonates could be distinguished from clays in
SMIRR dsta of a sequence of Cretaceous and lower Terisry rocks in Egypt.
They concluded that the abrupt drop in the 2.35um filter was diagnostic
of carbonates, and the direct identification of carbonates could be made
using the 2.20um/2.35um and 2.22um/2.35pm filter ratios.

Spectra shown here do not support such a conclusion. As discussed
in Chapter 3, the absolute intensity of carbonate band 2 (the band near
2.3um), the factor which controls the value of these two filter ratios,
is entirely an effect of grainm size and packing, and contains no minera-
logical or chemical information. Indeed. all other factors being equal,
the intensity of the absorption features of clays im this region c¢hould
be stronger than those of carbonates, since, 1s discussed in Chapter 3,
320 and OH are stronger absorbers in thie region than carbonates. The
Cretaceous chalk is composed primarily of caicite, but the difference in
intengity of the 2.35um channel in the SMIRR bands convolved to the cal-
cite spectrum and to the chalk spectrum is marked. Using the criteria
of Goegz ot 2i. (1982), the Cretsceous chalk would be iden:ified as a
clay rather than as a !imestone.

In spectra of clays illustrated by Singer et al, (1984) it is clear
that the ratio of the 2.35ua to the 2.2um channel for cartonsate spectra
is not distinctly different from that in clay spectra.

As can be seen by compariang the spectra of the Mississippisn oolite
and the Silurisnm dolomite, the SMIRR bands can’'t be used to distinguish
between the two rock types. Five channels are inadequate to defime the

carbonate bands and permit their precise positions to be determined.
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If clays are present, as in argilleceouns limestores, an even larger
numbar of bands will occur in this region, and the need for better spec-
tral resolution will be even greater.

The SMIRR bands duv outline the Fb2+ band in the ferroan dolomite,
and show the drop-off at short wavelengths due to the presence of iron
oxides. However, although the SMIRR bands indicate the presence of an
F02+ feature, they are not sufficient to determine its shape or inten
sity, or its intensity relative to the carbonste bands, which is neces-
sary to determine the amount of F02+ present (see Chapter 5).

It would appear that SMIRR is nct adequate for direct minersl idenm
tification, nor even for dependable discrimination between clays and
carbonates. Although remotely sensed data are very valuable for
discriminating between lithologic urits, they must still be tied in to
laboratory data on samples from the s3tudy area, and with field work on
the ground. Distinctions between units established in this manner car
be extrapolated to other localities within the study areza.

FUTURE WORK

Clear!y the greater the rosolution, the more informsation can be
obtained from spectra. Resolution of 0.025um in the 2.0 to 2.5um region
is necessary for studies of carbonate minerals, to allow determinsation
of precisze positions of carbozate bands, and intensities of carbonmate
bands rslative to any crystal field bands present. Data collected in
our laboratory and published data of others indicate even better spec—
tral resolution is required to allow clays to be detected snd identi-
fied, due to the large number of very narzow bands in the 2.0 to 2.5um
region.

The new Airborn Infrared Spectrometer (AIS), with resolution simi-

lar to that of laboratory instrumants (Collins et al., 1981) will allow

- 209 -



as much information to be obtaired remotely as can be obtained from
spectrs in these regious in the laboratory.

Several things must be born in wind in dealing with remotely
obtained spectra., First, only mineralogical and chemical data can be
obtained from spectra. Deriving textural cdata from spectra is a complex
problom in geometric optics, and although great strides have been made
in solving that problem (Hapke, 1981; Clark and Lucey, 1984; Clark and
Roush, 1984) a soluation has not yet been achieved. These studies are
aimed only st determining particle size distributions. It is doubtful
that methematical dessriptions of the complex textures which character
ize carbonate rocks, and which are the basis of carbomate rock classifi-
cations currently in use (Ham, 1962) will be evolved in the foreseeable
future.

Secoend, there are still many rock types whose spectral properties
have not been well characterized. Nothing beyond survey work has heexn
done on shales, evaporites, or sandstones. Until the spectral proper—
ties of these other rock and minexral species are well characierized, we
can not confideatly sttribute specific spectral festures in spectra of
unknowns to specific minerals, Othex minerals with spectral propezties
not yet well knowva may have similar features which could mask, or be
confused with, thoss with which we are familiar,

Third, remotely obtained spectra will always be avorages of large
bodies of rock. The largs aroa on the ground encompassed in each pizxel
on remotely obtained images will always contain a variety of rock types,
and those with the strongest sbsorr’ion features will dominate the spec—
trum, 3s they do ip the physical nixtnrg: wvhose spectra iave been msas~
ured in the laboratory. Only laboratory instruments will allow sepazate

rock components to h»e isolated for measuremsant.
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Since chemistry and mineralogy slone are not sufficient for com-
plete description and definition of stratigraphic units reflectance
spectroscopy, in and of itself, will never be sufficient to completely
define stratigraphic units. Reflectsznce spectroscopy will, of neces—
sity, be used in concert with more traditiomal geologic methods, and
will, with other remote sensing techniques, join the ever—growing bat-

tery of tools available to geologists for mapping and exploration.
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CHAPTER 10

Summary

Rerlectance spectroscopy in the visible and near infrared portions
of the spectrum (0.35 %0 2.55um) can be nsed to determine the minsralogy
of carbonate samples and to acquire iuformation on their chemical compo-
sition. Spectra of all common anhydrous carbonate minerals have at
least seven sbsorptions dun to vibrational processes of the carbonate
radical ia this region. Positions snd shapes of these bands can be used
to identify calcite, aragonite, and dolomite, the three most common car-
bonate minerals.

Cartonate bsnd positions are also of use in discriminating between
other anhydrocs carbonate minerals. Pcsitions of carbonate bands vary
from one mineral to another. The primary factor controling band posi-
tion appears to be cation mass. As the masz of the caticn increases,
bands shift to longer wavelengths. Cation radius zffectr band position
to a lasser degree, and most strongly affects carbonate band positions
in spectra of smithsonites and rhodochrosites. Crystal structure, i.e.
the differemce in structure between calcite group and aragomite group
minerals exerts a more subtle influence on carbonete band positiors.
This can best be 2een in differences between calcite and sragomite spec-

tra. The tvo minerals have the same composition (CaCDa) and differ omly
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ip crystal struciure. Spectra of both minerals countain the same number
of bende, st approximately the same wavelengths. However, spacings
between bands in aragonite spectra differ from those in calcite spectra.
For example, while band 2 occurs at slightly shorter wavelengths in ara-
gonite spectra tham in calcite spectra, band 4 occurs at longer
vaveleongths. In addition, soms bands are wider in aragonite spectra
than they are in calcite spsctra.

Spectra of many calcite group minerels also have absorption
features due to tramsition metal catioms inm their spectra. Strong
absorptiors due to an+ in rhodochrosite spectra and Foz* in siderite
spectra aid in identification of these minerais. A combdination of
pumber, positions and shapes of transition metal bands and positions and
shapes of carbonate bands are sufficient for distinguishing among common
anhydrous carbonste minerals.

Because solid substitution is common among the different end-member
celcite group minerals, absorption bands due to tramsition metal cations
can occur in spectra of any of these minerals. The most common transi-
tion metal cation substituting for the major cation in rhombohedral car-
bonates is F02+. F02+ causes a broad absorption near l.Uum The exact
shape and position of this band in carbonate spectra varies from octe
mineral to another, and reflacts the size and :ymmetry of the aite it
occupies, All cations in rhombohedral carbonate minerals are in
octahedral coordinstion with six oxygens. Spsctra of minerals with the
least distorted octahedral sites, magnesite and smithsonite, have the
narrovest Fe bands which show the least doubling. Fe bands in spectra
of minerals with more distorted sites, such as celcite. are broader and
are clearly split irto at least two bands. Fa bands 1m spectra of
minerals with small ocvabedral volumes (smsll M-O bona lengths) occur st

shorter wavelengths than thcse with larger octahedral volumes.
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"
Absorption featnres in carbonste minerals also are caused by Cu“*,

2+ 2+

Co“ , Mn" , and Niz*. Copper forms a8 broad absorption centered near
0.%um. Co2+ forms two bands, s strong narrow one near 0.53um, and a
broader, woaker one near 1.25um. an+ has five absorptions in *he 0.35
to 6.0pm region. Niz* has three absorptions centered near 1.25, 0,70,
and 0.42um.

The troends outlined above for changes in bands shapes auad positions
for Fe bands in response to differences in site symmetry and size are
found to hold true for absorptions due to these other cations ss well.

Varistions in the concentration of cations substituting for the
major cation in these minerais affect the spectral properties of calcite
group minerals. Substitution of cations for the major cation genmerally
causes the carbonate bands to shift in the direction of the baznds in tke
spectra of tho end—member mineral for that cation. For example, car-
bonate bands in siderite spectra occur at longsr wavelengths than car-
bonate bands in dolomite spectra. As %e content in dolomite incresses,
the carbongts bands shift to longexr waveleryths. Tn spectra of mam
cannan calcite, the csrbcoate bands occur at lomger wavelengths than
carbonate bands in spectra of ordinary calcites, while in spectra of
high Mg calcites, the bands occur st shorter wavelengths. This can be
correlated with the fact that csrbonate bauds in rhodochrosite spectra
and magnesite spectra occur at longer and shorter wavelengths, respec-
tively. than those in zpectra of calcites which sre more nearly pure end
members.

The concentration of the substituting cation has toc be rather high
to czuse these shifts. For example, shifts in carbonate band positions
in dolomite sectra do nu become clesr until the Fe content is about 1%

by weight. No doubt the magnitudes of the differences betwecn the
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masses and radii of the subsituting and major cations will determine the
amount of substitution necessary to csuse shifts in carbonate bands,

Variations in spectral properties cf dolomites with variations in
F02+ content were studied in detail. Intensity of Fo bands increases
with increasing re content. The intemsity of the Fe band can be ratioed
to the intensity of carbonate band 2 to correct for particle size
effects. A plot of this ratio vs. Fe content yields a msmootk curve. It
shonld be possible to use graphs of this type to determine Fe content of
dolomites. VYeathering complicates the picture by causing an apparent
increase in Fe band intensity relative to the the intensity of band 2.
This effect can largely be corrected for by using ,eussian analysis of
spactra.

Cathonate bands in ferrosm dolomites shift to longer wavelengths
with increasing F02+ content, and the bands change shape. When F02+
contert exceeds about 5% by wsight, shapes and positions of bands 1
through 4 are similar to those i, aragonite spectra. However, the posi-
tion of band 6, and the presence of the extremely strocg Fe absorption,
would keep the spectra of the two minerals from being confused.

Variations in spectral properties of calcites with varying Cu com
tent were also studied. Positions of carborate bands do not appear to
change. As Cu cortsnt increases, however, the Cu absorpticn tand
increases in intensity and shifts to shortesr wavelengths.

Detection limits for different cations vary. Detection limits for
an* in dolomites and calcites appears to bs abont 0.1% Mn by weight.
The detection limit for F92+ is abcut 0.01% by weight, while that for
Cu2+ i{s even lower. The differences in detection limits reflect the
fact that the transitions vhich cause the Mn2+ sbsorptions ere spin for—

2+ 74

biddexr, while those which cause the Fe and Cu absozrptions are spin

allowed.

- 215 -



Reflectance spectra are very sensitive to the presence of water.
The two strongest absorpiions in the NIR occur near 1.4pum 2nd 1.9um, ana
work by Bunt and Salisbury (1970), Hunt (1977) and others has shown that
differences in nmmbers, shapes and positions of these btands ca; ba used

to distinguish liquid HZO from bound H.O and OH_. Reflectance spectra

2
of three hydrous carbonate minerals, Jydromagnesite, hydrocerussite. and
hydrozincite, show that ajil three minerals contsin both bound HZO and
OH . Published formulas of hydrocerussite and hydrozincits indicate
these minerals are believed to contain only OF . Absorption bands due
to bound water in hyirous carbonate mirerals are broader and occur at
longer wavelengths than those in ligyuid water.

Nearly all spectra of carbomat: minerals and rocks contain absorp-
tion fesetures due to liquid water in fluid imclusions. Spectra of
skeletal material contain especially strong water bands reflecting fluid
inclusion contents c¢{ &s much as thiee weight per cent. Amoucts of
inclusions in skeletal material vary from one type of organism to
another. Of the types of materisl studied so far, coccoliths and plank-
tonic foram tests :oatair the least water, scleractinian corals, echino-
derms, and coral’line red zlgae contain the most.

Diagenesis of skeletal matorial zesults in loss of fluid inclu-
sions. Neomorphism of skeletal aragonites and hLigh Mg calcites to low
Mg calcites is accompanied by an order >f magnitude drop inm inclusion
content. Solution and reprecipitaton processes which caase the ooze-
chaik—-limestone tri-.sitiom in decp sea carbonate sediments also result
in loss of fluid inclusions. Where original skeletal axineralogy and

texture are retained, originel fluid inclusion content jis retained as

well.,
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Reflectance spectra msy be obtained from materisl in any form,
including powders, sands, and whole trocks. Absolute intensities and
overall brightness or albsdo of samples are affected by particie size
snd packing. Absurpticn feattres are more intense in spectra of
coarse-grained o: somporous samples., However. absorptions still con-
foom to Lambert’s law, and positions, shapes and relative intensities do
not change. Thus the form of the sample does not affect tLe information
which can be Jerived from its reflectance spectrum.

The same mineralogical and chemical information can be derived from
spectra takem with different types of srectrophotameters. Jt doesn't
seam to matter whether bidirectional or directional-hemispherical
reflectance is measured. There can be an offset in band positions meas—
ured by different instrumenis., However., this is a calibration problem.
The offset is constant over time, and a correction can esasily be
applied, so that spectra taker with differsnt instruments can be com-
nared.

Reflectance spectroscopy in the VIS and NIR bhas potential not only
as 8 laborsiory tool, but also as 3 remote sensing technique. Although
stmcspheric water bands make some portions of the spectrum insccesibdle,
the remaining portions sre sufficient to determine mineralogy &nd chemi-
cal composition of carbonate rocxs. Calcite and dolomite make up the
bulk of anclent sediments which are the target cf remote sensing, and
they can be be distinguished on the basis of the positiors of the two
strong cacbonate dands conterad aear 2.3 and 2.5um. Relative intensi-
ties of Fezu bands can be used to determine Fe content of carbonate
minerals, Other phases such as clays, Fe oxides, and organics contribate
ieatures to spectra of carbomate rocks wkich will be helpfnl in discrim-

inating between rock univs. VWeathering processes alter the appearance
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of carbonate rocks in outcrop. Although they will still be identifiable
as carbonates, a decreese in crystal size, and a possible increase in
porosity will result in weakening of carbonate bands. 1t may be neces-
saxy to plot remotely obtained spectra on an expanded s<ale to see the
carbonate bands clearly.

Existing TM and SMIRR dats sets lack sufficienr spectral resolution
for identification of carbonate rocks, nor do they allow carbonates to
Ly distinguished from clays. Spectral resolntion of at leest 25mm will
be necessary to study carbonates. Even greater spectr:l resolvution is
needed to study the many narrow clay baiuds which occur in the 2.0 to
2.5um region. However, these data s¢ts will continme to be very useful
for discrimination between rock units whica have been studied in the
field, and whose spectral characteristics have beer determined in the

laboratory.
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