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ABSTliCT 

Reflection spectroscopy in the visible and near infrared (0.3S to 

2.SSµm) offers a rapid, inexpensive, nondestructive tool for determining 

the mineralogy and investigating the minor element ch•istry of the 

hard-to-discriminate carbonate minerals, and can, in one step, provide 

information previously obtainable only 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 carbonate radical occur between 1.60 and 

2.SSµm. Positions of these bands vary from one carbonate mineral to 

another and can be used for mineral identification. Cation mass is the 

primary factor controlling band position; cation radius plays a secoir 

dary role. 

Electronic processes in the d-shells of transition metal cations 

can al so cause absorptions. Absorbing species in carbon& te minerals 

2+ 2+ .2+ 2+ 2+ 2+ include Fe , Mn , Ni , Co , and Cu • Fe bands are centered near 

l .lµm. They vary in width, position, and shape from one calcite group 

mineral to another, reflecting differences in the size and symmetry of 

the octahedral sites in these minerals, and can aid in mineral identifi-

cation. Relative intensities of transition metal absorptions increase 

with increasing ca ti on abundance, and can be used to determine cation 

concentrations. Detection limits for Mn
2

+ are about 0.10 weight per 

2 + F d Cu+ 0 00 cent Mn, for Fe about 0.01 weight per cent e, an for about • S 

weight per cent Cu. Positions of carbonate bands may also vary with 

variations in chemical composition. 
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Absorption features due to water may also occur in spectra of car

bonate samples. Liquid water has two strong absorptions near 1.4µm and 

1.9µm. Absorptions due to water bound in clays are narrower and occur 

at shorter wavelengths than those due to liquid water. Cll- produces 

absorptions near l.4µm and 2.2µm, but the l.9µm 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 con

tain only OH , actually contain bound a2o as well. 

Spectra indicate that aqueous fluid inclusions are nearly ubiqui

tous in carbonate rocks and minerals, and are particularly abundant in 

skeletal material. The quantity of incl uaions varies from one type of 

organism to another, with coccoliths and plank.tonic forams containing 

the least water, corals and coralline algae containin the most. Inclu

sions are lost from skeletal material during diagenesis, and the amount 

of water lost may be related to the diagenetic enviromnent. 

Spectra taken both from powdered samples of different grain sizes 

and from whole samples indicate that band pod tions, shapes, and rel a

tive intensities don't change with changes in grain size and porosity of 

a sample, and spectra contain the same mineralogical and chemical infor

mation regardless of the form of the sample. 

Three quite different types of spectrophotaneters were used to 

measure sample spectra, and all give equivalent results. 

Spectral reflectance al so has potential as a remote sensing tool. 

Spectral features diagnostic of mineralogy and chemical composition 

occur in the atmospheric windows, and can be measured with high resolu

tion instruments • 
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Introduction 

Limestones and dolomites form one fifth to one fourth of the 

stratigraphic record • Carbonate rocks comprise 7CJI!& of al 1 the stone 

quarried in the United States, and SO'JI of the world's oil is contained 

in carbonate reservoirs. Carbonate minerals al so occur c0111.1Donly in 

hydrothermal veins and in association with ore deposits. Thus carbonate 

rocks are of economic as well as academic interest. 

Carbonate minerals are difficult, if not impossible to distinguish 

in thin section by the usual petrographic methods, and a number of other 

techniques, including staining, I-ray diffraction, cathodoluminescence, 

and electron microbe are used to study the mineralogy and chemical com

position of carbonate samples. However, none of these techniques is 

entirely satisfactory, and usually some combination of two or more tech

niques is required to adequately characterize carbonate minerals. 

Spectral reflectance in the visible and near infrared (0.35 to 

2.SSµm) offers a rapid, inexpensive, nondestructive tool for determining 

the mineralogy and investigating the minor element chemistry of these 

hard-to-discriminate minerals, and can, in one step, provide information 

previously obtainable only by the combined application of two or more 

analytical techniques. In addition, the technique is very sensitive to 
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the presence of water, and can be used to determine whether it is 

present as hydroxyl ion (OH ) or as water molecules, and if present as 

water molecules, whether as liquid in the form of fluid inclusions, or 

as bound water in clays or hydrated carbonate minerals. 

This technique has been used by igneous and metamorphic petrolo

gists for over a decade to study pyroxenes and olivines, and to a lesser 

extent feldspars and other mineral groups (Adams, 1975; Burns, 1970; 

Hunt, 1977; Hunt and Salisbury, 1970, and others). Earlier work has 

shown that reflectance spectra of carbonate rocks and minerals in 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). However, no 

systematic effort has previously been made to relate these spectral 

features to the mineralogical and chemical composition 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 knowledge of the spec

tral properties of carbonate rocks and minerals is essential in extract

ing information from existing data sets such as those collected by the 

Thematic Mapper and the Shuttle Mapping Infrared Radiometer, as well in 

designing new instruments so that they will be more effective in 

discriminating sedimentary rock units. 

The study of carbonate spectra in this wavelength region entails 

special problems. Carbonate spectra contain features due to electronic 

processes in unfilled d-shells of transition metal cations, usually the 

province of spectral studies in the visible and near infrared . In addi

tion they contain features due to vibrational processes which are 
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usually the concern of workers in the mid infrared (5-lSµm). Vibrations 

of the carbonate radical produce absorption features in this region. 

Vibrations of water molecules do also, and since, as was found in the 

course of this study, aqueous fluid inclusions are nearly ubiquitous in 

carbonate rocks, the spectral properties of water, liquid, bound, and 

OH , had to be included in the study as well. 

This study examines the spectral properties of carbonate minerals, 

with special attention being given to calcite, aragonite, and dolomite 

which comprise the bulk of modern and ancient carbonate sediments. The 

spectral properties of the more common solid solution series (e.g. the 

dolomite-ankerite series) are examined. The spectral properties of the 

carbonate-noncarbonate mixtures which commonly occur in carbonate rocks 

are investigated, with special attention given to carbonate-water mix

tures • 

In this study reflectance spectroscopy is viewed as a tool rather 

than a field. The purpose 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 sol id state physics is included to 

give some understanding of the causes of spectral characteristics of 

carbonates, such investigations were not a primary purpose of the 

present study • 
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CJIAPl'ER 2 • 

Samples for this study were obtained from a variety of sources, 

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 where their spectral properties are 

discussed • 

Mineralogy of all samples was verified by X-ray diffraction on 

powdered samples. 

Chemical data on samples was obtained using four different tech-

nique s. Samples for which sufficient material was available were 

analyzed for Ca, Mg, Fe, and Mn by X-ray fluorescence 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-

ponent s in the samples. Spark spectrometry with a Vreeland Direct 

Reading Spectroscope, model 7, was also used to identify minor elements 

in some magnesites, siderites, and smithsonites for which sufficient 

material was available. Atanic absorption was done using a Perkin-Elmer 
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603 Atomic Absorption SpectrophotC111eter. All samples were washed three 

times in distilled, deionized water. Two tenths of a gram of sample was 

dissolved using concentrated HCl diluted to 10.,, and distilled, deion-

ized water was added to give lOOml of solution. A like amount of ultra-

pure CaC03 was added to standards. Each analysis was performed at least 

twice. Reproducibility for Fe analyses in dolomites are 2.5, or better, 

for Mn and Mg in dolomites SIJJ or better, for Cu in calcites 2.SC!li or 

• 

• 

• 

better. .. 

Water content of some samples was determined by heating samples and 

measuring the amount of water evolved. Powdered samples were weighed 

into platinum boats, oven dried at 110°c overnight, and reweighed to 

determine amount of adsorbed water. Samples were then placed in a dry 

air stream in a furnace at 1070°C for 30 minutes. Water was trapped in 

a glass collecting tube containing P
2
o

5
• 

Mineral samples were ground or crushed by hand with a ceramic mor

tar and pestle. Since coarser particle sizes increase the optical path 

length and therefor the intensity of absorption features (see Chapter 

3), samples were made as coarse-grained as was feasable. Because most 

sea ttering of 1 ight occurs at crystal-air boundaries 1 ight travels 

farther in coarse samples or non-porous rocks than in fine powders 

before it is scattered back to the detector. While this results in 

stronger absorption features in sample spectra which are dense or 

coarse-grained, light may pass through large, wel I-formed crystals or 

thin samples and be reflected off the sample holder as well as the sam

ple. If sufficient material was available (a few grams) samples were 

crushed and wet-seived to give a fraction with particles ranging from 90 

to 3SSµm. When smaller amounts of material were available, finer parti

cle sizes were included in the sample to increase scattering and ensure 
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that all light reaching the detector had interacted only with the sam

ple, and not with the sample holder. 

Modern skeletal material was cleaned in H2o2 or sodium hypochlor

ite. Most samples were ground and bleached a second time, and spectra 

were taken of the powdered samples. Skeletal material was examined 

carefully to ensure that no material which had been altered (bored, 

micritized, or cemented) or coated by encrusting organisms was included 

in the samples • 

Spectra of rock samples and of some mineral and skeletal samples 

were taken from whole samples on broken, sawed, or polished surfaces. 

Mention is made when whole samples were used, or when spectra were 

obtained from sands. 

obtained from powders. 

Unless otherwise stated, spectra shown were 

Three different spectrophotometers were used to measure sample 

spectra. In general al 1 reflection spectrophotaneters consist of a 

light source, a mechanism such as a diffraction grating, prism, or cir

cular variable filter to separate the light into different wavelengths 

either before or after it has interacted with the sample, and a detector 

which measures the intensity of the reflected light at different 

wave! engths • 

The instrument on which the majority of the spectra were measured 

was built at the University of Hawaii and is described by Clark (1981), 

McCord.!!.!.!· (1981), and Singer (1981). Much of the following discus

sion is taken from these sources. The instrument is designed to measure 

bidirectional reflectance (Hapke, 1981). It has a collimated light 

source, and light sgurce and viewing mirrors are mounted on rocker arms 

to permit variations in viewing geanetry. The light source is a 250-W 

quartz halogen bulb in an integrating sphere lined lined with Halon, and 
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is collimated by an f/8 off-axis parabolic mirror. A constant 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 to ~85° of 

the vertical. 

The instrument has a horizontally oriented sample holder assembly. 

A turntable with four positions, three for samples and one for the Balon 

standard, which can be rotated into the light beam was used to measure 

spectra of powders and small rock samples. Powdered samples were placed 

in holders made of the black plastic Delrin which has a flat spectrum 

with reflectance of about 2QIJli. To measure spectra of large rocks the 

turntable was removed. An environment chamber described by Clark 

(198la) can be used to take spectra of samples at liquid or solid nitro-

gen temperatures. One spectrum of Iceland spar was obtained in this 

way. The area of sample viewed by the spectraneter ranged from 2 to Smm 

in diameter, depending on the aperture used. 

The sample is imaged at the focal plane of the instrument using a 

10.Scm diameter Cassegrain telescope operating in the inverted mode, and 

a series of flat m.mirrors arranged in pairs to reflect in perpendicular 

planes to cancel mirror-induced polarization. 

The visible and near-infrared portions of the spectrum are measured 

by continuously spinning circular variable filters (CVFs). The visible 

CVF covers the spectral interval fran 0.35 to 1.0µm, the near infrared 

CVF from 0.6 to 2.55µm, giving an area of overlap. The infrared CVF con

sists of two 180° segments covering the regions 0.65 to l.3Sµm and 1.32 

to 2.60µm. These were obtained from Optical Coating Laboratory, Inc. 

Spectral resolution is about 1.5, throughout the spectral range. 
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Filters and detectors (a quatrz photodiode for the visible, an indium 

antimonide detector for the near infrared) were cooled to liquid nitrcr 

gen temperatures. For each revolution of the CVF, the incoming signal 

is compared to the signal from a black reference 240 times. Detector 

signal is converted to a pulse train by a V/F converter for digital prcr 

cessing. The difference in signal is counted, computed, and stored in 

the data system memory. The sum of two complete chop cycles makes one 

spectral channel, giving 120 data channels. An optical encoder monitors 

the position of the CVF and the black beam chopper is phase-locked to 

the CVF rota ti on to ensure that each channel corresponds to the same 

wave! ength for each revolution • Wavelength calibration is checked at 

the beginning of each day with a narrow band pass filter. Data is 

stored on digital magnetic tapes along with sidereal and local times, 

object names, and any other information the operator wishes to record • 

The other two instruments are commercially available ones - a Beck.

man DI-2A Ratio-Recording Spectroreflectaneter and a Perkin-Elmer Model 

330. The Beckman DI-2A, which is part of John Adams' laboratory at the 

Geology Department at the University of Washington in Seattle, uses a 

photomultiplier tube for the 0.35 to 0.6µm range, and a PbS detector for 

the 0.6 to 2.5µm range. Detectors were not cooled. The Perkin-Elmer 

330, part of the facilities at the Remote Sensing Center at University 

of Massachusetts at Amherst headed by Robert Huguenin, has a photomulti

plier tube for the 185 - 930nm range, and a PbS detector for the 850 -

2600nm range. The PbS detector is cooled to -30°c by a thermoelectric 

cooling device packaged in the detector case. The instrument uses a 

monochromatic light source with a double monochrometer holographic grat

ing. Both commercial instruments have integrating spheres which allow 

light scattered from the 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 as 

samples must be in some form (e. g., a powder covered with a glass 

slide, or a small, flat rock slab) which can be held against a small 

hole in the side of the integrating sphere. Vining geanetries cannot 

be varied. 

Halon, a fluorocarbon manufactured by Allied Chemical Corporation, 

which is close to a perfect diffuse reflector in this wavelength region 

(Venable.!!.!.!., 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 to 1.8µ.m region. The powder doesn't absorb or adsorb water, 

and its spectr'ODI is nearly flat in the 0.2 to 2.Sµm range, with the 

exception of a weak absorption feature near 2.15µ.m (Weidner and Hsia, 

1981) • 

When spectra were taken with the University of Hawaii instr'tDllent, 

samples were vined at a phase angle of 10°, with either the light 

source or the mirrors at the vertical. This viewing geanetry was chosen 

to maximise the intensities of absorption bands while avoiding back

scatter effects. Each spectrum is an average of several separate obser

vations of each sample. The near infrared spectra 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 revolutions per 

run. Since carbonate samples are generally quite bright, long integrat

ing times are not needed. Errors, plus or minus one standard deviation 

of the mean, are generally less than 0.2,. 

The spectrum of the Halon standard was measured before and after 

each sample spectrum. Data were reduced using spectrum processing rou-

tines described by Clark (1980). Sample spectra were ratioed to the 
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Halon spectrtilll, and a correction was made for the fact that halon has a 

small absorption feature near 2.lSµm, giving a result felt to be within 

a few per cent of absolute bidirectional reflectance (Singer, 1981). 

Vertical axes of spectra are thus labelled "absolute reflectance" • 

Where spectra have been offset vertically, 1·A· by continuum removal or 

to create stacked plots, vertical axes are labelled "relative reflec-

tance". 

Precise band positions, intensities, and widths were determined 

using our GFIT (Gaussian Fitting Program) routine which was adapted from 

the work of Kaper .tl ll• (1966) and is descri.bed by Farr ll .!l· 

(1980), and Clark (1981b). This routine fits gauasian functions to all 

absorption bands simultaneously, quantitatively specifying their po si

tions, widths, and depths. 

Spectra from the Beckman DK-2A are single runs. No errors are 

given. A program written by Ted Roush was used to translate data from 

this instrtI111ent to our format. Data taken with this inatrlDllent con-

sistently gives band positions which are 0.02Sµm shortward of those 

determined by the University of Hawaii instrlDllent (Roger Clark, Michael 

Gaffey, personal communication). Correction was made by adding 0.025µ.m 

to tho wavelength files for these data so that data from the two instru

ments could be compared. Data from the Perkin-Elmer 330 appears to be 

directly comparable to that taken with the University of Hawaii instru

ment, although this has not been investigated in detail • 

Spectra taken with the Perkin-Elmer 330 are averages of three runs 

each in the visible and near-infrared, but errors are not included. 

Spectra of nearly al 1 samples were measured on the University of 

Hawaii instrument. These spectra were used for detailed mineralogical 

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 wave! engths that the University of Hawaii instrument. When 

spectra from either of the commercial instruments are used in the ensu

ing discussion, specific mention will be made. Unless otherwise stated, 

the spectra shown were obtained with the University of Hawaii instru

ment. 
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Spectral Properties of Calcite, 

Aragonite, and Dolomite 

INTRODUCTION 

Spectral retlectance in the visible and near infrared (0.35 to 

2.55µm) offers a rapid, inexpensive, nondestructive technique for deter

mining the mineralogy and something of the minor element chemistry of 

the hard-to-discriminate carbon& te minerals, and can, in one step, pro

vide information previously obtainable only by the combined application 

of two or more analytical techniques. The technique has been used by 

mineralogists and igneous and metamorphic petrologists for more than a 

decade to study pyroxenes and olivines, and to a lesser extent feldspars 

and other mineral groups (e. g., Adams, 1975; Burns, 1970; Runciman ~ 

.!.!.·, 1973). Previous work has shown that reflectance 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 fundamental internal and lattice vibrational modes of tne car

bonate radical, and by electronic processes within the unfilled d-shells 

of transition metal cations if present (Adams, 1975; Hexter, 1958; Hunt 

and Salisbury, 1971). However, as yet no systematic attempt has been 

made to relate these spectral features to the mineralogical 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 15µ.m) region (MIR) where 

absorption tea tures caused by the fundamental vibrational modes occur. 

Spectra in this region have been used to study the structure of car-

bonate minerals (Adler and Kerr, 1962, 1963a,b; Gatehouse.!!.!.!·• 1958; • 
Hexter and Dows, 1956; Scheetz and White, 1977; Schroeder.!!.!.!·, 1962; 

Weir and Lippincott, 1961; and many others), and some etforts have been 

made to use spectra in this region for mineralogical and petrographic • 
studies of carbonates (Adler and Kerr, 1962; Chester and Elderfield, 

1966, 1967; Farmer and Warne, 1978; Hovis, 1966; Huang and Kerr, 1960; 

Hunt ..!! .!.!. , 1950; Keller et al., 1952; White, 1974). However, spectra • 
in this region do not contain features directly attributable to transi-

2+ 2+ 
tion metal ions such as Fe and Mn which are of considerable impor-

tance in studies of the deposition and diagenesis of carbonates. In 

addition, reflectance spectra in the VIS and NIR are more easily 

obtained than those in the MIR. Transmission spectra in t.b.e MIR are 

most readily obtained from material which has been ground to a powder 

and pressed into alkali halide pellets or discs. Particle size etfects 

in both transmission and reflection spectra in t.b.e MIR can cause signi-

ficant variations in spectra which are unrelated to mineralogy or chemi-

cal composition of the samples (Estep-Barnes, 1977; Farmer and Russell, • 
1966; Russell, 1974; Tuddenham and Lyon, 1960). Spectra in the VIS and 

NIR, on the other hand, may be obtained from samples in any form: 

powders, sands, and broken, sawed or polished rock surfaces. Thus, 

while transmission studies in the MIR, where the fundamental modes 

occur, are preferable for structural studies, reflectance spectra in the 

VIS and NIR are more suitable for petrographic work. • 
- 13 -
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This chapter will deal with spectra of the three most common car

bonate minerals, calcite, aragonite, and dolomite, and will describe the 

changes in spectral properties which reflect changes in crystal struc

ture (calcite to aragonite) and chemical composition (calcite to dolom-

ite). Changes in spectral properties with mineralogy will be dealt 

with more extensively in Chapter 4, and changes with chemical composi

tion of common calcite group minerals will be dealt with quantitatively 

in Chapter 5. 

CARBONATE MINERAL~ 

Carbonate minerals consist of the carbonate (C0
3 

2-> ion and a 

cation with a charge of +2. Anhydrous carbonate minerals are ot two 

basic structral types - The rhombohedral or calcite group minerals and 

the orthorhombic or aragonite group minerals. 

The rhombohedral carbonates may be thought of as consisting of 

layers of cations and layers of carbonate ions alternating along the c

axis (Lippmann, 1973; Reeder, 1983). Figure 3.1 shows t.b.e rhombonedral 

unit cell for calcite. X-ray diffraction studies s.b.ow t.b.at C - 0 bond 

lengths in all carbonate group minerals are very similar (:::1.284 

Angstroms, according to Effenberger .§.! .!.!·· 1982) and t.b.at the carbonate 

group forms a rigid unit in the form of an equilateral triangle with the 

carbon in the center and the oxygens at the corners. (Lippmann, 1973; 

Reeder, 1983). Cations are in six-fold coordination, the six oxygens 

forming an octahedron which is slightly elongated uong tne c-u:is, so 

that the 0 - 0 lengths parallel to the basal plane are less than those 

inclined to the base (Lippmann, 1973). 

The structure of dolomite, and some other double carbonates, is 

similar to that of calcite. The unit 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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Figure 3.1 Rhombohedral and hexagonal unit cells for calcite. From 
Lippmann (1973, p.10-11). Ca atoms - open circles, Triangles - C03 
groups. 

- 15 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

' d -
i 

Jr 

z : 

.. 2/3 • 0.2U 

Figure 3 .2 Rhombohedral and hexagonal unit eel 1 s for dolomite. From 
Lippnann (1973, p.22-23). Open circles - Ca, 0, 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
onal cell. 

- 16 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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Figure 3.3 Unit cell tor aragonite, 1how1ng coordination polyhedron for 
calcium. From Lippmann (1973, p.57). Large circles - Ca, Small circles 
- 0, Dots - C • 

- 17 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

of magnesium ions rather than calcium ions (Lippmann. 1973). The 

cations in dolomites also reside in octahedral sites, but there are now 

two sites, tho A-site, occupied by calcium. and t.tte B-sito, occupied oy 

magnesium (Roeder. 1983). For more detail on the structure of carbonate 

group minerals, tho reader is referred to Lippmann (1973) ana Roeder 

(1983). 

Aragonite group minerals are orthorhombic. Tho difference in 

structure between calcite and aragoni te group minerals is generally 

attributed to the difference in cation size, calcium be1ng 01 intermedi

ate size and therefore able to fit into either structure (Hurlbut ancl 

Kl e in , 1 97 7 ) • 

Like calcite, aragonite is made up of alternating layers 01 calcium 

ions and carbonate groups. However, unlike calcite, the layers in ara-

gonite, as described by Speer (1983), are not planar. In t.tte cat ion 

layers, alternating atoms are displaced by about 0.05 Angstroms out ox 

the plane. Carbonate groups form two distinct types 01 "corrugated" 

layers with differing displacements of carbonate groups parallel to the 

c-u:is. Figure 3.3 shows the unit cell of aragonite, and the coordina

tion polyhedron around the ca ti on w.bich is comi>oaed ot nine oxygens. 

The carbonate group in aragoni te has very nearly the same snape and 

dimensions as the carbonate group in calcite, alt.ttough t.tte carbon atom 

is displaced slightly out of tho plane of t.be oxygens toward t.tte nearest 

calcium atom (Speer, 1983) • Speer (1983) reviews wJlat is currently 

known about the crystal structure and chemical composition ot' t.tte ara

goni te group minerals • 

- 18 -



RESULTS 

Carbonate Bands 

Figure 3 .4 shows spectra of t.lle three most commonly occurring car-

bonate minerals: calcite, aragonite, and dolomite. Spectra of powders 

of carbonate minerals containing no transition metal cations are nearly 

straight lines near unity reflectance at wavelengths shorter than 1.6µm. 

At wavelengths greater than 1.6µm there is a series of absorption 

features which increase in intensity with increasing wavelengt.11. Ibese 

bands are due to vibrational processes of the carbonate radical (Hexter, 

1958; Bunt and Salisbury, 1971; Matossi, 1928; Schroeder.!!.!.!·, l96:l). 

Although the three spectra shown in Figure 3.4 are grossly similar, 

inspection reveals differences. At the shortest wave! engtns, the ara

goni te spectrum has a marked drop-off toward the ultraviolet. Ibe 

drop-off in the dolomite spectrum is less pronounced, and is nearly 

absent in the calcite spectrum. Inspect1on of t.lle spectra snows t.11at 

the deepest band in the dolomite spectrum appears to occur at sl1ghi:ly 

shorter wavelengths than the same band in the calcite spectrum. Note 

that in Figure 3.4 this band (centered at ~2.Sµm) in the dolomite spec

trum has its lowest point at the third channel from t.lle end of the spec

trum, but the same band in calcite has its lowest point at t.lle second 

channel from the end. Ibe calcite and dolomite spectra have a sttelf

like feature at ~.Oµm (indicated by an arrow in t.lle dolomite spectrum), 

while the aragonite spectrum shows a smoother drop-off in this region. 

Ibese and other differences in t.lle carbonate bands in spectra were 

studied quantitatively using tne GFIT program. Because t.llese and other 

spectra were approximately straight 11nes at short wavelengths, a 

straight line continuum was selected and removed from t.lle spectrum by 
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Figure 3 .4 Spectra of the three most commonly occurring carbonate 
minerals: calcite, aragonite, and dolomite • 
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division, leaving only the absorption bands. Gaussian curves were t.llen 

fit in energy space with band intensities on a log scale. Several (four 

or more) continua with slightly different slopes were divided into each 

spectrum, and the result fitted. One of tb.ese fits is sn.own in Figure 

3 .5. The best fit was selected on the basis of tne errors (residual 

errors for each data point, errors in band position for each band, ana 

errors in the integrated intensities of tne gaussians, i.e., the w1dt.n 

times the height) and examination of plots of t.ne data and fits. Fig

ures 3.6a and b show an example with the original data, the different 

continua tried, and the data with the continuum w.nich gave t.lle best fit. 

As can be seen the continuum which gave the best fit coincides quite 

closely with the straight-line portion of the spectrum shortward ot" 

1.6µm. This was generally true, and would seem to indicate tn.at tn.e 

straight line continua have some physical as well as mathematical mean-

ing. Slopes of continua varied somewhat from one mineral sample to 

another, and showed no correlation with mineral type. All were close to 

the horizontal • 

As mentioned above, several continua were used with each spectrum 

and t>and positions were determined for each. For a ·single mineral spec

trum, continua with different slopes for wnich a fit could be achievea 

in GFIT gave slightly different band positions. However, as Figure 3. 7 

shows, differences in band position due to variations in continuum slope 

are generally much smaller than differences in band position between 

different samples 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 shows positions oi- centers 

of band 1 plotted vs. the positions of centers of band 2 for ul fits 

achieved for nine different spectra - three aragonites, three dolomites, 
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Figure 3.7 Centers of band 1 plotted vs. centers of band 2 for a!l fits 
achieved for nine different spectra. Each dot represents a band center 
determined for one continuum. Although overlap ot' symbols makes some ot 
them difficult to distinguish, between four and nine points are plotted 
for each sample, depending on the number of continua tried • 
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Calcites 

1507 
1 Pine Pt •• Canada 

1530 Ultrapure CaC03 powder. Alfa Divisidn. Ventron2 

1531 Iceland spar. Chihuahua Mexico3 

1542 
4 

Egremont. England 

6506 Prairie du Chien Fm •• Allamakee Co •• Iowa 

10519 Mexico
5 

Aragonites 

10530 Bil in. Bohemia 4 

10525A Molina de Aragon. Spain 

10524 Spain 

Dolomites 

2501 Styria, Austria 
6 

5501 Gilman, Colorado 7 

6503 Bahia, Brazil 
8 

9 6509 Deep Springs, Inyo County. Calif • 

6510b Bamle. Telemark, Norway 9 

6514 Binnenthal, Valai s, Swi tzerl an:dlO 

1. Smithsonian Inst. #122283; 2. Alfa Div., Ventron, 152 Andover 
St •• Danvers, Ma.; 3. Wards Natural Science Establishment; 4. 
Geology Dept •• Univ. of Iowa, Iowa City, Iowa; 5. Rainbow 
Collection, Honolulu, HI.; 6. Smithsonian Inst. #B9764; 7. 
Smithsonian Inst. #R15143; 8. Smithsonian Inst. #103165 
9. Minerals Unlimited, Ridgecrest, Calif.; 10. British Museum 
#1912,133 . 

Table 3.1 Numbers and localities of samples used in tnis study • 
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and three calcites. Each dot represents a band center determined for 

one continuum. There are between four and nine points plotted for each 

samle, depending on the number of continua tried. Samples 1542, 1531, 

and 1507 are calcites, 1052Sa, 10530, and 10524 are aragonites, ana 

6510b, 6514, and 6503 (the last two represented by squares and crosses 

in the lower left-hand portion of t.ne graph) are dolomites. Table 3.1 

lists the samples discussed in this chapter, and the localities from 

which they were obtained • 

The effects of grain size on spectral properties can be seen in 

Figure 3 .8, which shows the spectra of some ot t.ne size fractions 01 

calcite sample 1531 listed in Table 3 .2. These spectra sJlow that t.ne 

only spectral parameters which vary w1th grain size are overall bright-

ness ot the sample and absolute band intensity. Number ot bands, bana 

positions and widths, and relative band intensities do not change. This 

was verified by GFITting these spectra. 

Fitting of curves in GFIT was done w1th a vertical scale ot t.ne 

logarithm of the intensity. This is in accordance w1th Lambert's Law, 

which states that if I is the original 11ght intensity, I t.ne intensity 
0 

of the light after passing through a tb.ickness x 01 a mineral w.nose 

absorption coefficient is k, then 

-kx 
I = I e 

0 

Figure 3.9 is a plot of the natural log of spectra of t.ne S3-63µm frac-

tion plotted against the natural log of t.ne 355-500µm fraction of sample 

#1531, two of the different particle size fractions shown in Figure 3.8. 
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Figure 3.8 Spectra of different grain size fractions obtained by 
grinding and wet seiving an Iceland spar sample (#1531). 
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Figure 3.9 Natural log of the spectrum of the 53 - 63µm fract1on 
plotted as a function of the natural log of the 3SS - SOOµm fract1on ot 
sample #1531. 
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soo - 1000 

3SS - 500 

180 - 355 

125 - 180 

90 - 125 

• 63 - 90 

53 - 63 

45 - 53 

38 - 45 • pan 

• 

• Table 3.2 Particle size fractions of sample #1531 in microns • 

• 

• 
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The In-In plots of these two particle size fractions as well as aJ.l 

other combinations tried, fall along a straight line, to a very good 

first approximation. This shows that absorption of 11ght by carbonate 

minerals approximates 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 Kubelka-Munk moael is strictly 

applicable only to weakly absorbing materials; strong absorbers snow 

marked deviation from the theory (Wendlandt and Hecht, 1966). Clark and 

Roush (1984) found that this marked dev1ation from tne predicted linear 

trend of the remission function of Kubelka - Munk t.neory occurs below 

values of relfectance of =64'. 

Cl ark and Roush ( 1984) summarize other problems wnich result from 

attempts to apply Kubelka - Munk t.b.eory to these laboratory data. One 

problem mentioned by these authors is that for K - M t.b.eory to be 

strictly valid, bihemispherical reflectance must be measured. The 

University of Hawaii spectrophotometer with wftich these data were taken 

measures bidirectional reflectance • Bidirectional reflectance is u so 

measured when remotely sensed data are taken. Clark and Roush ( 1!184) 

also note that K - M theory assumes isotropic scattering, and ignores 

mutual shadowing of particles, assumptions which !unit the appl1cability 

of this theory to geologic problems. 

Clark and Roush (1984) also present discussions of other theoreti

cal models describing absorption and sea ttering 01· light by particulate 

media, and the advantages and difficulties inherent in each • 

Another factor affecting both the absolute intensi t1es ot spectral 

features, and the overall brightness, or albedo, of t.ne samples, is 

porosity or packing of the sample. Figure 3 .10 shows two spectra ot tne 

same sample, in powdered and whole form. The sample is a coarse 
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Figure 3 .10 Two spectra obtained from t.ne same dolomite sample (#6509) 
in powdered and whole form • 
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Figure 3.11 Ln - Ln plot of the two dolomite spectra shown in preceding 
figure • 
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• Band Number 

1 2 3 4 5 6 7 

Sample # 

• Calcites 

1507 2.532 2.337 2.265 2.171 1.995 1.882 1. 756 

1530 2 .530 2.334 2.254 2.169 1.995 1.881 1. 762 

• 1531 2.535 2.333 2.261 2.167 1.991 1.876 1. 763 

1542 2 .541 2 .340 2.272 2.179 1.998 1.885 1. 758 

6506 2 .535 2.334 2.263 2.174 1.974 1.871 1. 753 

• 10519 2.533 2.334 2.259 2.169 1.979 1.875 1. 770 

Dolomites 

• 2501 2.508 2.313 2.234 2.155 1.971 1.87:.:: 

5501 2.513 2.323 2.244 2.150 1.975 1.882 

6503 2.505 2.312 2 .235 2 .157 1.971 1.853 1. 735 

• 6509 2.516 2.320 2.248 2.165 1.974 1.869 

6510b 2.518 2.322 2.247 2.170 1.977 1.867 

6514 2.516 2.319 2.244 2.165 1.979 1.862 1.740 

• Aragonites 

10524 2.535 2.331 2.257 2.195 1.992 1.877 1. 748 

10525A 2.529 2.328 2.254 2.186 1.990 1.873 1.744 

• 10530 2.532 2.332 2.258 2.201 1.993 1.874 1. 737 

• Table 3.3 Band positions determined from GFIT routine in microns. 

- 34 -

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

grained, dense dolomite (sample #6509). Only intensity of banC1s ana 

overall brightness of the spectra are atfected. The number of 1eatures, 

their form. positions. and relative intensities (intensity of a banC1 in 

a spectrum relative to the intensity of other bands in tne same spec

trum) are not. A ln-ln plot of these two spectra is shown in Figure 

3.11. Here the points also fall along a straight 11ne. Thus Lambert's 

Law appears to describe absorption features in carbonates, regardless of 

the torm of the sample (i.e •• powder. rock, etc.) 

Carbonates show seven vibrational bands in the NIK region ot tne 

spectrum (see Fig. 3.5). Table 3.3 lists the band posiuons cietermined 

in this study. Bands are labelled in order of decreasing intensity, the 

strong 2.Sµm band being band 1. The broad, weak band 7 appears in some 

spectra to actually be composed of two bands. However. the resolution 

in this porti~n of the spectrum on our instrument made discrimination ot 

these two bands possible in only a few of the spectra. so the two banas 

were fit as one. In spectra of some other samples. most notably tne 

ferroan dolomites, band 7 was either absent or too weak for its position 

to oe determined using GFIT. and no band positions are reported for bana 

7 for these samples. 

In general. al 1 of the bands in dolomite spectra are centered at 

shorter wavelengths than the equivalent bands in caJ.cite spectra (see 

Table 3). although there is some overlap in the case ot· band 4. Dana 5 

in two of the calcite spectra (samples 10519 and 6506) occur at tne 

shorter wavelengths typical of the spectra of dolomites. The positions 

obtained for band 5 in these two spectra by GFITting is ::o .02µm snort-

ward of that in the other calcite spectra. Reflectance spectra are 

extremely sensitive to the presence of water. which has a strong absorp

tion teature at l.9µm (Hunt and Salisbury, 1971). In the course ot the 
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present study it was found that water, most probably in tne form ot 

fluid inclusions, is nearly ubiquitous in carbonate minerals and rocks. 

Absorptions due to water are discussed in detail in Chapters 6 through 

8. The spectra of both these samples indicate minor amounts ot water 

are present (a tew hundredths of a per cent by weight as determined by 

heating the sample to 1000°C for one half hour and measuring tne amount 

of water evolved). The strong, asymmetric absorption feature due to 

liquid water which occurs in the 1.9µm region probably causes tne 

apparent shift of the measured band positions in tnese two samples to 

shorter wavelengths. In spectra of all of the dolomites studied except 

sample #5501 band 6 occurs at shorter wavelengtns tnan tne same bana in 

calcite spectra. Band 7 is difficult to find in some dolomite spectra 

because this very weak feature occurs on the flanks ot t.ne iron bands 

which are two to three orders of magnitude wider t.nan t.ne carbonate 

bands. However, the limited data available indicate tnat band 7, like 

the other bands, occurs at shorter wavelengt.ns t.nan its calcite counter-

part. 

In addition, there is a shift in position of carbonate banas in 

dolomite with varying iron content. Figure 3 .12 is a ratio spectrum ot 

two dolomites, one containing 0.04 weight per cent Fe, the other 2.7 

weight per cent Fe, showing tne shift in tne positions ot· banas 1 ana 2 

to longer wavelengths with increasing iron content. The spectrum of one 

dolomite was divided by that of another of similar grain size. If tne 

band positions in the two spectra were the same, the result would be a 

smooth curve. The presence of peaks reflects the difference in position 

of the carbonate bands in the two spectra. This and other chemical 

variations are probably responsible for the sea tter in oana positions 

seen in Figures 3.13, 3.14, and 3.15. These trends w11l be dealt w1tn 

in more detail in Chapter 5. 
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Figure 3 .12 Ratio spectrum of two dolomites of different iron content 
retlecting shift in band position • 
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Figure 3.13 Position of center of band 2 plotted against tne position 
of the center of band 1 in microns for each sample. Aragoni te s -
squares, Calcites - crosses, Dolomites - diamonds • 
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Figure 3.14 Position of center of bano 2 plotted against that for bana 
4 for each sample. Aragonites - squares, Calcites - crosses, Dolomites 
- diamonds • 
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Figure 3.15 Position of center of band 4 plotted against that for bana 
3 for each sample. Aragonites - squares, Calcites - crosses, Dolomites 
- diamonds • 
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• Band Number 

1 2 3 4 5 6 7 

Sample # 

Calcites 

• 1507 0.0223 0.0154 0.0149 0.0170 0 .0183 0.0190 0.0256 

1530 0.0228 0.0168 0.0121 0.0288 0.0278 0.0229 0.0255 

1531 0.0233 0.0157 0.0139 0.0210 0.0195 0.0206 0.0271 

• 1542 0.0255 0.0161 0.0142 0.0252 0.0223 0.0193 0.0430 

6506 0.0237 0.0164 0.0136 0.0268 0.0330 0.0246 0.0305 

10519 0.0232 0.0163 0.0144 0.0235 0.0305 0.0241 0.0425 

• 
Dolomites 

2501 0.0218 0.0191 0.0138 0.0266 0.0322 0.0188 0.0178 

• 5501 0.0223 0.0178 0.0109 0.0188 0.0233 0.0241 

6503 0.0221 0.0201 0.0099 0.0306 0.0341 0.0261 0.0330 

6509 0.0208 0.0173 0.0104 0.0265 0.0218 0.0222 

• 6510B 0.0226 0.0187 0 .0113 0.0310 0.0236 0.0226 

6514 0.0228 0.0186 0.0110 0.0281 0.0206 0.0234 0 .0395 

Aragoni tes • 10524 0.0243 0.0192 0.0130 0.0278 0.0218 0.0258 0.0351 

10525A 0.0234 0 .0197 0.0126 0.0256 0.0275 0.0240 0.0280 

10530 0.0247 0.0196 0.0128 0 .0296 0.0211 0.0252 0 .0357 

• 

Table 3.4 Widths of carbonate bands in µm-l 

• 
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Positions of carbonate bands in aragoni te spectra do not snow tne 

same trends relative to equivalent bands in calcite spectra tnat banas 

in dolomite spectra do (see Table 3.3 and Figs. 3.13 to 3.15). Banas in 

spectra of aragonites may occur at the same. shorter. or longer 

wave! engths than the equivalent bands in calcite spectra. The po si uon 

of band 1 is approximately the same for both aragonite and calcite spec

tra. and bands 5 and 6 in aragoni te spectra occur at tne same or 

slightly shorter wave! engths than the same bands in calcite spectra • 

Bands 2. 3 and 7 occur at shorter wavelengtns in aragonite spectra than 

in calcite spectra, while band four occurs at longer wavelengtns. 

Band widths also vary with mineralogy. Table 3.4 shows band widths 

determined by GFIT for tbe spectra of tne three common mineral types. 

These widths are given in inverse microns (µm-l) rather than microns 

because the absorptions are believed to represent a gaussian distribu

tion of energies around a central value (Farr et .!..!·. 1982). Energy is 

inversely porportional to wavelength, so bands won't be symmetric in 

wave! ength space. Band 1 appears to be narrower in dolomite tnan in 

aragonite spectra. Band 1 tends to be narrower in dolomite spectra than 

calcite spectra as well. although there is some overlap in values. In 

general band 2 appears to be wider in aragonite than in dolomite or cal-

cite spectra (see Fig. 3 .16). Band 3 appears to be narrowest in dolom-

ite spectra. wider in aragonites. and 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 minor amounts of 

water in the sample can make bands 5 and 6 appear wider tnan data from 

dry samples would indicate they are (for example. compare widths ot bana 

5 for 10519 and 6506 to those for 1507, 1531, and 1542 in Table 3.4), 
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• 
Dolomite spectra show much greater variation in banel widt.lls tnan 

aragoni te and calcite spectra. This might be related to stoichiometry • 
2+ 2+ 

or lack thereof in dolomite composition, to differences in Fe ana Mn 

content, or to the occurrence of zones ot different chemical. composi-

tion within dolomite crystals. This will be dealt with in more detail • 
in Chapter S. 

Figures 3.13, 3.14, and 3.15 are plots of some ot t.lle data in Table 

3 .3. They show how positions of the first four carbonate banos vary 

with mineralogy, and how samples cluster into groups in tnese plots • 
according to mineralogy. Here only one fit to the spectrum for each 

mineral was used, that selected as best according to the criteria dis-

cussed above, and each point represents one sample. • 
Figure 3.13 shows positions of the centers of banel 2 plotted as a 

function of positions of centers of band 1 for each sample. Here it can 

be seen that although band 2 occurs at slightly shorter wavelengtns in 

• aragonite spectra than in tnose of calcites, calcites and aragonites 

fall together in one group, while the dolomites form a second. Figure 

3 .14 shows positions for band 2 plotted vs. posi t1ons for band 4 for 

each sample. This shows the trends in bano position discussed above tor • 
the different minerals, and shows t.b.at t.b.e t.b.ree minerals fall into 

three distinct groups. Figure 3.15 plots positions Of centers ot bands 

3 and 4. Again the three mineral types cluster into separate groups. • Band widths may also be used to distinguish carbonate minerals from 

each other. Figure 3 .16 is a plot of t.b.e center of bano 2 vs. the 

width of band 2. The samples again fall into three groups ot different 

mineralogy. • 
Iron Bands 

Although variations in spectral properties with variations in chem-

ical composition will be dealt with in detail in Chapter S, a brief • 
- 44 -
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discussion of absorption features due to the presence ot ferrous iron in 

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

mineral identification. A broad band centered around 1.0 µm occurs in 

some calcite spectra and all dolomite spectra in t.nis study, but is 

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

2+ 
caused by the presence of Fe because: 

1. Broad features in the 1.0µ.m region in spectra ot other 

minerals, most notably pyroxenes and ol1vines, are attributed 

to the presence of iron (Adams, 1974; Burns, 197u; Runciman 

.!! .!l·, 1973; and others). 

2. The common occurrence of Fe2
+ substituting for Ca2+ and Mg 2

+ 

in calcites and dolomites <Deer, Howie, and Zussman, 1962; 

Lippmann, 1973; and others) makes it the most likely transi-

tion metal ion to result in such a commonly occurring absorp-

tion band. 

3. Chemical analyses done by Hunt and Saluoury (1971) and in 

this study indicate the presence ot iron in minerals wnose 

spectra show these features. 

4. Increase in intensity of this broad band is positively corre-

lated with increasing iron content in dolomites. (see Fig • 

3.17). 

S. This feature is absent from all aragonite spectra measured in 

the course of this study (over 30 samples). The aragonite 

2+ 
cry st al structure wil 1 not accom.moda te Fe because 01 t.ne 

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

aragonite samples (Lippman, 1973). 

2+ 
Absorption bands due to the presence ot Fe differ in position and 

shape in calcite and dolomite spectra. Figure 3.18 shows spectra of a 
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Figure 3.17 Spectra of dolomites containing different amounts of iron, 
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• 
ferroan calcite and a terroan dolomite. Note that this feature in cal-

• cite is a broad double bana centered at 1.3µm while that in aolomite is 

centered at ::l .2µm. Although the dolomite feature is composed ot at 

least two large bands. the splitting between the bands is not as mark.ea 

• as in the calcite spectrum • 

While particle size and packing determines tne intensity of 

features due to vibrational processes of the carbonate radical. intensi-

• ties of bands caused by transition metal cations are influenced by con-

centration of the particular cation in the crystal as well. Figure 3.17 

shows spectra of three dolomites containing different concentrations ot 

iron. Note that the carbonate bands in all three samples are of about • the same intensity. indicating t.hat the particle size distribution ot 

the powdered samples are comparable. The iron bands. however. are ot 

different intensities • 
2+ 

intensity increasing with Fe concentration. 

• DISCUSSION 

Carbonate Band Positions 

Band positions for carbonates in this spectral region reported by 

• previous workers are given in Table 5. Although tb.e positions reported 

by Bunt and Salisbury (1971) for bands which correspond to banas 4. 5. 

and 6 of this study are similar to those reported here. their reported 

• positions for bands 1 and 2 in both calcites and dolomites are at longer 

wavelengths than those reported in this study. This may be due to some 

difference in internal calibration of the instrument. or may result from 

• the different methods used to determine band position. Or. since Hunt 

ana Salisbury (1971) did not verify the mineralogy of their samples. it 

may be due to presence of mineral phases other than those assumea to be 

• present • 
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Hunt and Salisbury (1971) report only five bands in tnis spectral 

region, while seven are reported here. Hexter (1!:158), Hunt and Sal 1s

bury (1971), and Schroeder .ll .!.!· (1962) all noted t.1:1.at t.lle two strong 

bands near 2.3 and/or 2.Sµm are asymmetric with a s.1:1.oulder on tne 

short-wavelength side. In this study the shoulder on the band in tne 

2.3µm region has been resolved as band 3. It was not possible to fit 

the 2 .Sµm feature as two bands using the GFIT program, so that feature 

was fit as one band. The absence of this extra band in t.1:1.e fits results 

in the differences between the fit curve and the data seen in t.1:1.e 2.Sµm 

region (see Fig. 3.5). Thus there are at least ei-ght carbonate bands in 

the NIR region. Plots such as Figure 3b indicate there may be addi

tional weak absorption features at wavelengths shorter than l.6µm, but 

no attempt was made to fit t.1:1.ese. Since t.1:1.ey are so weak., very coarse 

samples will have to be used in order to study them. As mentioned 

above, band 7 may actually be composed of two bands. Thus, the seven 

bands reported give a minimum number for carbonate bands in this region 

of the spectrum. 

Exact positions of banas due to internal vibrations of tne car

bonate radical may be a function of t.IJ.e coordination number ot" t.ne 

cation, the interatanic distances between anion and cation, the reduced 

mass of the cation, the radius of t.lle cation, the electronic structure 

or periodicity of the cation, and tne coefficient ot" relative bond 

strength, which varies according to tne degree of cova!ency of the bond 

(Adler and Kerr, 1963a,b; Povarennykh, 1978, ana others). The differ

ences in carbonate band positions and widths in VIS ana NIK spectra of 

aragonites, calcites.and dolomites show patterns similar to those dis

cussed by Adler and Kerr (1963b) ana Chester and Elderfield (l!.167) for 

the tundamental frequencies in the MIR region in transmission spectra. 
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Bands in aragoni te s may occur at the same, longer, or shorter 

wavelengths than equivalent bands in calcites • This retlects tne 

difference in crystal structure. In aragoni tes the lowered site synr 

metry leads to lifting of the degeneracies of the u
3 

ana U4 funaamen

tals, and doubling of these bands in MIR spectra (e.g. Adler ana Kerr, 

1963b). This doubling of the fundamental bands may ca use some 01 the 

bands in aragonite spectra in the NIR to be broader than their counter-

parts in calcite spectra • 

In general, all the dolomite banas in the NIK occur at snorter 

wave! engths than their calcite equiv al en ts. This ref! ects the differ-

ence in chemical composition. The same is true ot the funaamental banas 

in the MIR (Adler and Kerr, 1963a; Chester and ElderUeld, 1967; ana 

others). These shifts in funaamental frequencies were found to corre-

late both with mass of the cation and ionic radius, 
2+ 

Mg having a 

2+ 
smaller mass and radius than Ca (Adler and Kerr, 1963b). 

Band Assignments 

Infrared absorption by a molecule takes place when a photon 

interacts with the molecule and raises in it from one energy level to 

another (Harris and Bertolucci. 1978). In order for a v1bration to be 

infrared acitve , i.e., cause infrared light to be absorbed, the vibra-

tion must result in a change in dipole moment • Al though it is known 

that the absorption features described here are due to vibrations of the 

carbonate radical, the exact nature of these vibrational processes is 

not agreed upon • 

The literature on the infrared spectra of carbonate 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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important part in the developnent ot both 

technique and theory. The availability 

of excellent samples of the mineral and 

the ease of sampling begged its examina

tion by early spectroscopists. The ease 

of manipulation of tne classical equa-

tions of motion of its fundamental unit, 

the carbonate ion, made for reasonably 

close agreement between its calculated 

and observed vibrational spectr1JJ11. More-

over, its geometry, made precise with 

advances in structure determination by 

X-ray diffraction techniques, together 

with the early but tnorough experimental 

spectroscopic history of the mineral, 

have make it a touchstone in tne applica

tion of various modern tneories ot spec

tra of tne solid state." 

The vast majority of this literature deals with tne mid- and far

infrared (i. e., wavelengths longer than about Sµm, where the fundamen-

tal vibrational modes of the carbonate ion and ot t.a.e crystal lattice 

occur.) 

The free carbonate ion has 12 degrees of t·reedom, w1th six internal 

or molecular modes resulting from distortion of tne carbonate radicai, 

and six external or lattice modes which reflect translational and rota-

tional motions of the rigid ion. The ideal carbonate ion has point 

group summetry o
3

h. The six internal fundamental vibrations are a sym

metric stretch <U
1

>, an out-of-plane bend <U2 >, a doubly degenerate 
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antisymmetric stretch ((/
3
), and a doubly degenerate in-plane bend <U

4
) • 

The <1
2

, U3 , and <1
4 

are infrared active. The external modes of the free 

carbonate radical are 3 translations along tne x, y, and z directions, 

and 3 rotations about each of these axes. The three translational modes 

of the ion would be infrared active, but tne rotational modes would not 

(Adler and Kerr, 1963a; Schroeder J! .!.!.·• 1962). 

When a molecule or molecular ion is incorporated into a crystal 

lattice the number and frequencies of its fundamental moaes may change, 

and the infrared spectrum observed will not be that predicted by t.ne 

simple free ion approximation. Its vibrations may now be viewed as t.ne 

"motions of one molecule moving in a potential field reflecting tne sym-

metry of the surrounding crystal" (Halford, 1946, p. 10). The carbonate 

ion in calcite occupies a site of symmetry D
3

• The site symmetry for 

the carbonate ion in dolomite is c3 • In aragonite the carbonate radical 

occupies a site of symmetry C (Adler and Kerr, 1963a; White, 1974). In 
s 

calcite-group minerals each cation is surrounded by six oxygens, in 

aragoni te-group minerals by nine. There is a change in coordination ot" 

cations around the oxygens from two-fold in cu cite-group minerals to 

threrfold in the aragoni te group (Adler and Kerr, l963b; Lippmann, 

197 3, • 

In calcite, the site group approximation predicts that, as in tne 

free ion, <1
2

, <1
3

, and V
4 

will be infrared active, and V
1 

will not. Both 

U
3 

and U
4 

will remain doubly degenerate. The approximate posi Uons Ot 

these modes have been reported by a number of workers (Adler and Kerr, 

1962, 1963a,b; Chester and Elderfield, 1967; Huang and Kerr, 1960; Weir 

and Lippincott, 1961; and others) and occur approximately at the follow-

ing wavelengths: V
2 

- ll.40µm, <!
3 

- 7 .OOµm, and U
4 

- 14.0Sµm • 

mode, although theoretically infrared inactive, does cause a weak 
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absorption bana. Goldsmith and Ross (1966) found t.nat i~ occurred at 

9.23µm. Approximate positions for these same bands in dolomites are as 

follows: U
2 

- 11.36µm, C/
3 

- 6 .95µm, C/
4 

- 13. 74µ.m. C/
1 

is Raman active 

and Griffith (1970) determined it's position to be 9.lOµm. In aragonite 

the lower site symmetry predicts the stretching moae, U
1

• wul become 

infrared active, and the degeneracies of t.ne u
3 

and U
4 

moaes (antisym

metric stretch and in-plane bend, respectively) will be lifted 

(Schroeder et al •• 1962; Halford, 1946). Absorption bands corresponding 

to these fundamental modes have been observed by several aut.bors as 

follows C/
1 

- 9.23µm, C/
2 

- 11.60µ.m, U
3 

- 6.80µm, and C/
4 

- 14.0Sµm (Adler 

and Kerr, 1962, 1963a,b; Chester and Elderfield, 1967; Huang and Kerr, 

1960; Weir and Lippincott, 1961; and others). The predicted splitting 

of C/3 and U
4 

have been observed by Schroeder .l1 li· 

Lippincott (1961), and others. 

(lYb:l), Weir and 

In a carbonate crystal. the carbonate ion does not rotate freely. 

One model of lattice motions, perhaps the most frequently invoked in 

studies of carbonate minerals, suggests that rigid molecules or molecu-

lar ions undergo translational vibrations of their centers oi- mass. and 

rotational vibrations about their centers of mass. these latter al so 

being called torsional oscillations or 11brations. (Singh and Chaplot, 

1982; Trevino li .!.!. 1974; Yamamoto .!! .!.!·• l97!ia,b). The bonding 

between the carbon and three orygens in t.b.e carbonate radical is strong, 

the bonding between the carbonate ions and t.b.e rest of t.be crystal lat

tice relatively weak (Yamamoto et al. 1975a). Cal1fano (1Y80) states 

that it can be assumed that the carbonate radicals behave as rigid 

bodies because the internal and external frequencies are well separated. 

If molecules possess very low frequency internal vibrations they may 

overlap in frequency with the lattice modes, in w.nich case t.b.e rigid ion 

model would not apply (Califano, 1980, p.223). 
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The site group approximation for the carbonate ion in calcite 

predicts four lattice modes, all of which are infrared active. Two are 

translational, two rotational. In aragoni te the si 'te group approxima-

tion predicts six lattice modes, all of which are infrared active (Hal-

ford, 1946; Schroeder .!.1 ..!.!·, 1962) The lattice modes in carbonates 

occur at very long wavelengths (longer than 25 µ.m) while t.ne internal 

fundamentals occur between 6 and 15µ.m. Thus the lowest internal vibra-

tional mode has about twice the frequency of the highest-frequency lat-

tice mode (Plihal and Schaack, 1970). 

In actual infrared spectra of calcite and aragonite, a great many 

more bands, including those which are the subject of this study, are 

observed than are predicted by the above models. Another model used to 

explain the many features found in infrared spectra of carbonates is the 

factor group approximation, in ~hich the symmetry elements of the entire 

unit cell, rather than just those of the site in w.nich t.ne carbonate ion 

resides, are considered <Hornig, 1948; Winston and Halford, 1949). In 

the factor group approximation, a band or line expected in tne site 

group approximation (C/
1

, U
2

, etc. above) may become duplicated several 

times, not to exceed the number of sites in the unit cell, as a result 

of coupling between the carbonate groups in the primitive cell (Winston 

and Halford, 1949) • 

6 . 
Calcite has a space group symmetry of o3d, with two molecules per 

unit cell. The space symmetry of dolC111ite is lowered to C~v· (Adler 

and Kerr, 1963a; White, 1974). Coupling be tween the two carbonate 

groups in calcite-group minerals gives two sets of internal vibrations, 

one in which the two groups vibrate in phase, and a second in w.nich they 

vibrate out of phase. White (1974) presents diagrams ot these modes • 

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

r. = A
1 

+A +A_ +A +2E +2E 
int g lu -~g 2u g u 

and for the extramolecular or lattice vibrations: 

t'e·t = 2A +A +2A_ +2E +3E 
~ -~g lu -~u g u 

(Denisov .ll .!.!·, 1982; Yamamoto .!.!, al., l975a,b) The A_ anci 2E 
-~u u 

intramolecular modes and the 3Eu and 2A
2

u lattice modes are infrared 

active (Rutt and Nicola. 1974). 

16 
Aragonite has symmetry o

2
h. with four molecules per primitive unit 

cell (Adler and Kerr, 1963a; Frech .ll .!l·• 1980; White, 1974). Coupling 

between the four carbonate groups results in each of the six fundametnal 

modes ot the free ion appearing four times, giving 24 internal moues. 

The internal optical modes predicted by the factor group approximation 

have the irreproducible representations 

p =4A +2B +4B +2B +2A +4B +2B +4B 
interanl g lg 2g 3g u lu 2u 3u. 

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

(ungerade) modes except 

modes are 

A are 
u 

infrared active. The external optic 

r =SA +SB +4B +4B +4B +3B +4B 
ext g 2g lg 3g lu 2u 3u. 

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

(Frech .ll .!.! •• 1980). 

In the factor group approximation there are et fectively no sel ec-

tion rules governing combination and difference bands. Essentially any 

combination of the above bands is possible (Schroeder et aL., lYt>:l; 

Winston and Halford, 1949). 

White (1974) gives an extensive review ot· work on spectra ot· car-

bonate minerals in the MIR and FIR up to that time. 
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Band Position Band Assignment 

Hunt and Salisbury ( 1971) 

2 .SSµm (/1 +2 (/3 

2 .35µm 3(/3 

2.16µm (/1+2 <13+U4 

or 3(/1 +2(/4 

2 .OOµm 2(/1+2(/3 

1.90µm (/1 +3 (/3 

Hexter (1958) 2 .SSµm 2<1
3 

+270+2x416 

2.37µm 2(/
3 

+27U+3x416 

Schroeder et al. ( 1962) 

2 .S4µm 

Ma to s s i ( 192 8 ) 2 .S33µm 2 (/3 +(/1 

2 .SOOµm " 

2 .330µm 3(/3 

2 .300µm " 

Table 3.5 Band positions and assignments of previous workers for 

calcite • 
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Work done in the NIR (0.7 to 2.6µ.m) is much less extensive tnan 

that in the MIR and FIR. There is no concensus in tne literature on the 

assignments for bands in this region, and no attempt is made at specific 

band asssignments here. However, workers in tnis region of tne spectrum 

have used some of the same models to describe tne absorption features in 

this region that are used in the longer-wavelength studies. In tnis 

region there are no fundamental frequencies, and aJ.l bands are sums ot 

two or more fundamentals. These bands are much weaker than tne funda-

mentals. Hadni (1974, p.46) states that " ••• thre~phonon processes in 

general give an absorption coefficient ten times weaker than that for 

two-phonon processes which are still ten times weaker than the classical 

one-phonon processes." A phonon is a quantum of vibrational energy. 

Hunt and Salisbury (1971) measured spectra of a number of carbonate 

minerals, and made band assignments assuming aJ.l bands were overtones 

and combination tones of internal fundamental vibrations ot tne car-

bona te ion, using the fundamental band assignments given by the site 

group approximation. Their band assignments are listed in Table 3 .5 • 

Schroeder et .Al· (1962) used tne factor group approximation. They made 

no specific band assignments in this region, but concluded tnat bands 

observed at about 3 .Oµ.m could be explained by the same model tney pro-

posed for bands at longer wavelengths, i. e., they are summation banas 

of fundamental frequencies (perhaps in this specific case tne overtone 

-1 
2(/

3
) with successive levels of a low frequency (about 30cm ) librating 

oscillator. Hexter (1958) concluded tnese bands were summation bands ot 

2('3 plus two fundamental 11bration frequencies which he calculated to be 

-1 -1 
270cm and 416cm • His band assi gm en ts are given in Table 3 .5 as 

well. 
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A number of problems arise when trying to calculate bana assigments 

in this spectral region by calculating smns anC1 multiples ot internal 

and external modes reported in the 11terature t·or tlle MIR ana FIJ.<. The 

principal problem is the lack of an adequate data set from wnich ca1cu-

lations can be made. A range of values for the funcamental moC1es, both 

internal and external, have been reported in tne literature. Chester 

and Eldert"ield (1967) list many of the values t.b.at have been reported 

for the internal fundamental modes. Some differences are relatively 

-1 
small. Values reported for U

4
, for example, range from 710 to 715cm • 

-1 
On the other hand, values reported for U

3 
range from 1418 to 147lcm • 

Farmer (1974) notes differences between publ isbed values for measure-

ments made on powders and single crystals. Cal1bration problems such as 

that found to exist between the University of Hawaii ana Universi 'CY of 

Washington instruments undoubtedly al so occur between instruments work-

ing at longer wavelengths. Many workers do not verify t.b.e mineralogy of 

the material on which measurements are made, ana studies ot variations 

of band positions with chemical composition are rare. When spectra are 

taken at low (e.g. liquid nitrogen) temperatures, bands narrow and s.b.ar-

pen, and more bands become evident than are seen in room temperature 

spectra (Hellwege et.!.!·· 1970; Schroeder.!!.!.!·, 1962) 

Although there is good agreement on assignments, if not the precise 

positions, of the fundamental modes for calcite, there is still debate 

about the assignments for the weaker bands wnich occur with t.b.e funda-

mental modes in the MIR region. Nor is t.b.ere agreement on the mode or 

degree of interaction between the internal and external lattice v1bra-

tions. White (1974, p.236) states "Hellwege .!.! A!· (1Y7U) ana 

Schroeder li .!.!· (1962) presented measurements on high qual1ty single 

crystals but the agreement between them is surprisingly poor. Hellwege 
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..tl .!..!.· (1970) used oriented crystals with polarized IR measurements ana 

determined more detail •••• Hellwege ..tl .!..!.. do not observe the regular 

progression of sa tel 1 i te 1 ine s that form the main evidence for a set ot 

harmonics of a librational mode and instead assign t.ne banas to binary 

combinations of internal and lattice moues w1t.n additional structure 

arising from the zone boundary phonons." 

When reported values are used to cal cul ate energies ot absorptions 

due to sums of three or four fundamentals such as t.b.ose dealt w1 th in 

this study, the uncertainties are compounded. The models 1 isted in 

Table 3.5 all agree resonably well with band positions for calcite in 

this region. Other workers have tried to apply a more complicated model 

in the MIR anel FIR than those cited here (see for example Cowley ana 

Pant, 1973; Davydov, 1962; Denisov ..U ll·, 1982; Helhrege .ll. ll·, 1~7U; 

and others). However, these workers haven't made any assignments in t.b.e 

NIR using this model. 

MINERALOGICAL APPLICATIONS 

Positions of the carbonate banas are diagnostic of mineralogy. The 

presence of iron bands, 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, ana 3.15 are a con-

venient way to display the data listed in Table 3.3 and discussed 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 banC1 1. This 

shows that the aragonites and calcites fall together in one group, while 

the dolomites cluster in a second group. Figure 3.14 shows band 2 plot

ted versus band 4. Here the three minerals can be separated into three 

distinct groups based on band position • Figure 3 .lS is a plot or 

centers of banC1s 3 and 4, and shows that again the three minerals 
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Figure 3 .19 Spectra of an oolitic 1 imestone and a dolomite from t.ne 
Mississippian Lodgepole Formation, central Montana • 
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cluster into separate groups • Thus while dolomites may be separated 

from calcite and aragonite on the basis of tne positions of bands 1 and 

2 alone, bands 2, 3, and 4 are more usetul in distinguishing aragonite 

from cal cite. 

Band width may al so be a usetul parameter in mineral identif ica-

ti on. Figure 3 .16 shows the position of band 2 plotted against t.ne 

width of band 2 for each sample spectrum. Again tne tnree minerals 

separate into three distinct groups • 

As described above, positions of bands S through 7 al so vary with 

mineral type. However, even small amounts 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 dominate the spectrtllll in 

the 1.9µm region and mask t.he carbonate bands entirely, so that only a 

single feature at 1.9µm can be seen in the spectrum, rather than bands S 

and 6 near 1.88 and 1.99µm respectively. (see Fig. 3.19). The four 

bands in the 2 .O to 2 .Sµm region, however, are relatively unaHected by 

amounts of fluid inclusions which t.nis study indicates are common, ana 

are sufficient for mineral identification. An example of this is Sllown 

in Figure 3.19. This figure shows spectra of a dolomite and a li.lllestone 

from the Mississippian Lodgepole Formation in central Montana. Although 

water bands mask the carbonate bands in the 1.9µm region, the stronger 

bands at longer wavelengths can be used to distinguish the two samples, 

even without the aid of the GFIT program. Additional features in tne 

spectra include a weak bana near 1.4µm which is also due to the presence 

of water (Hunt and Salisbury, 1971). The li.mestone spectrum contains a 

weak iron band near 1.3µm. The absorption bands near 0.9µ.m are probably 

3+ 
due to Fe in iron oxides (Singer, 1982) formed by weathering of pyrite 

(Jenks, 1972). The dolomite spectrum shows no iron bands but does have 
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a smooth droiroff at shorter wavelengths, the origin of w.nich isn't 

understood at present. 

2+ 
The simple presence of an Fe absorption band near 1.lµm is indi-

cative of a calcite group mineral. However, the absence of an iron bana 

does not necessarily indicate the sample belongs to the aragonite group, • 
as non-ferroan calcites and dolomites are common. A broad double 

2+ 
feature centered near 1.3µm is characteristic of Fe in calcite, w.nile 

a broad double bana centered around l.2µm is characteristic of dolom- • 
ites. Thus these features, in addition to inaicating the presence ot 

ferrous iron, can aid in mineralogical identification as well. 

• 

• 

• 

• 

• 
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Differences in Spectral Properties 

Related to Differences in .-Ineralogy 

INTRODUCTION 

In the preceding chapter the spectral properties of the three most 

common carbonate minerals were examined. and their spectral characteris

tics were related to differences in crystal structure and chemical com

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

bona te minerals will be examined. There are five common calcite group 

minerals: 

Calcite CaC03 

Siderite FeC0
3 

Smithsonite ZnC03 

Rhodochrosi te MnC03 

Magnesite MgC0
3 

Dolomite (CaMg[C03 J2 > will be included in this discussion as well • 
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Common aragonite group minerals include: 

Aragonite CaC0
3 

Strontianite SrC03 

Witherite BaC03 

Cerussi te PbC03 • 
This chapter wil 1 deal only with the spectral 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 minerals are 

shown in Figures 4.1 and 4.2 respectively. Samples used in this portion 

of the study, and the localities from which they were obtained are 

listed in Table 4.1. Positions of carbonate bands determined from these 

spectra are given in Table 4.2. • 
Two spectra each of calcites, aragonites, and non-ferroan dolomites 

are included for comparison. Band positions for al 1 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 magnesite sam-

ples obtained thus far appear to contain enough water to introduce 

absorption features in the 1.4 and 1.9µm regions of their spectra. As • 
was seen in Chapter 3, very minor amounts of water (a few hundredths of 

a per cent water by weight) will change the apparent positions of car-

bona te bands in the 1.9µm region. Larger amounts of water introduce • 
stronger features in this region. As a result of these stronger 

features, the GFIT program fails to converge, and a precise fit can't be 

obtained. The fits to the siderite spectra are estimates only, because 
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Figure 4.1 Spectra of common calcite group minerals. 
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Magnesite 

Dolomite 

Siderite 

Cal cite 

Smithsonite 

Rhodochrosi te 

Aragonite 

Strontiani te 

Witherite 

Cerussi te 

2502 
2506 

6509 
6514 

6515b 
9504 

1531 
1542 

4505 

3505 
3501 

10524 
10530 

11502 
11503 

13504 
13506 

12502 
12504 
12505 

1 Modum, Norway 
2 Snarum. Norway 

Deep Springs. Inyo County. CJlifornia
2 

Binnenthal. Telemark, Norway 

Morro Velho, Brazi1 4 

Ouro Preto, Minas Gerais. Brazil5 

Chihuahua. Mexico~ 
Egremont, England 

Tsumeb, South West Africa5 

8 
unknown 

2 Champion Miner. Lake County. Colorado 

Spain 
1 Bil in. Bohemia 

6 Hamm. Westphalia 9 Strontian, Scotlan~ 

10 Hardin County. Illinois 
Minerva Mine, Hardin County. Illinois 

Tsumeb, South West0Africa5 

Mibladen, Moro~co 
Kellogg, Idaho 

1. Smithsonian Inst. #114955; 2. Minerals Unlimited, Ridgecrest. Calif.; 
3. British Museum #1912.133; 4. Horn Minerals, Smithtown, Long Island, 
New York; S. Nature's Treasures, Hawthorne, California; 6. Wards Natural 
Science Establishment; 7. Geology Dept •• University of Iowa, Iowa City, 
Iowa; 8. Scotch Rocks, Edinburgh, Scotland; 9. Excalibur Mineral Co •• 
Dover, New Jersey; 10. Walstrom Enterprises, Carson City. Nevada; 

Table 4.1 Mineral samples discussed in this chapter, and the localities 
from which they were obtained • 
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Mineral 1 2 3 4 5 6 7 
magnesites 
2502 2.503 2.305 2.235 2.130 1.964 1.846 1. 745 
2506 2.500 2.305 2.238 2.137 1.965 1.843 1. 739 

dolomites 
6509 2.516 2.320 2.248 2.165 1.974 1.869 
6514 2.516 2.319 2.244 2.165 1.979 1.862 1.740 

siderites 
6515b 2.528 2.329 2.252 2.183 1.990 1.887 
9504 2.526 2.326 2.252 2.183 1.988 1.879 

calcites 
1531 2.535 2.333 2.261 2.167 1.991 1.876 1. 763 
1542 2.541 2.340 2.272 2.179 1.998 1.885 1. 758 

smithsoni te 
4505 2.362 2.273 2.183 2.012 1.896 1.787 

rhodochrosi tes 
3505 2.367 2.300 2.219 2.007 1.900 1. 748 
3507 2.372 2.323 2.217 2.029 1. 938 

aragonites 
10524 2.535 2.331 2.257 2.195 1.992 1.877 1. 748 
10530 2.532 2.332 2.258 2.201 1.993 1.873 1.737 

strontianites 
11502 2 .596 2.350 2.273 2.206 2.014 1.904 1. 774 
11503 2 .580 2.350 2.273 2.214 2.013 1.908 1. 765 

witheri tes 
13504 2.398 2.323 2.242 2.042 1.929 1.783 
13506 2 .397 2.323 2.241 2.041 1.929 1. 785 

cerussites 
12502 2.469 2.362 2.272 2.091 1.969 1.820 
12504 2.464 2.335 2.257 2.087 1.970 1.827 
12505 2.473 2.357 2.273 2.094 1.964 1.832 

Table 4.2 Positions in microns of carbonate bands in spectra of common 
carbonate minerals • 
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I -1 I Band - Band Differences, cm 
I Mineral 1 - 2 2 - 3 3 - 4 4 - 5 5 - 6 
I magnesite 

2502 343 137 220 397 326 
2506 338 130 212 410 335 

dolomite 
6509 336 138 171 445 286 
6514 338 143 162 435 318 

siderite 
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 

smithsoni te 
4505 166 180 390 305 

rhodochrosi te 
3505 123 159 475 280 

aragonite 
10524 344 141 126 465 308 
10530 340 140 115 473 318 

strontiani te 
11502 144 134 431 287 
11503 144 118 450 275 

witherite 
13504 136 154 437 288 
13506 134 156 439 285 

cerussite 
12502 183 168 381 295 
12504 225 147 361 284 
12505 199 157 375 316 

Table 4 .3 Differences between centers of adjacent carbonate bands in 
carbonate minerals spectra. Differences in inverse centimeters • 
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• 
it has not been possible to fit the iron bands. The iron bands in the 

• siderites are extremely strong. and it may be that they have begun to 

saturate and are no longer gausaian 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 ln-ln plots lib 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 longer than 2.Sµm. and its center is not 

• covered by the data. For these spectra. only positions of bands 2 

through 6 are given. 

CARBONATE BANDS 

• Examination of Table 4.2 reveals a number of trends in these car-

bonate spectra. Samples are listed in the table in order of increasing 

wavelength for poai tions of bands 1 and 2. Differences in band posi-

• tions between successive calcite group minerals are on the order of 

O.Olµm. Differences between succesive aragonite group minerals are much 

larger. ranging from =0.02µm up to 0.07µm. 

• Table 4 .3 shows differences between successive band positions • 

differences between band 1 and band 2, band 2 and band 3 and so on for 

each mineral spectrum. 
-1 

These are given in cm • which is proportional 

• to energy • 

Within the aragonite group minerals these differences in· energy are 

quite similar for the first three minerals - aragoni te, stronti ani te. 

and witherite. with the exception that the difference between band 3 and 

• band 4 increases down the list. Cerussite is anomalous, and does not 

follow the pattern characteristic of the others. 

Few orderly trends can be discerned in energy differences between 

• absorption bands for the calcite group minerals. In general, the 
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differences between bands 1 and 2, and between bands 4 and 5 are larger 

than the others. Differences between bands 2 and 3 are generally the 

smallest. Differences in energy between other bands show a range of 

values. There are •everal 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 to variations in chemical composition, and the fact 

that many of these mineral samples are not pure end members. The possi

ble presence of water bands in some spectra certainly complicates the 

pattern, as this can cause shifts in the apparent positions of bands in 

the 1.9µm region. 

On the other hand, the apparent lack of order may be due at least 

in part to uncertainties in the positions of some bands in spectra which 

could not be fit using GFIT. 

Differences in spectral properties among the different carbonate 

minerals 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 radical would prove to be the primary factor in determining posi-

tions of the fundamental modes. However, Eff enberger .ll ll• ( 1981) 

found by single crystal I-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 

smithsoni te 

dolomite 

1.2859 

1.2853 
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When a correction for riding motion is made these differences are 

(p.238): 

magnesite 

calcite 

1.2873 

1.2902 

rhodochrosite - 1.2898 

siderite 1.2895 

smithoson.ite 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, 1983), some 

other factor must be invoked to explain these differences in spectral 

characteristics. A possible explanation would be the differences in 

crystal structure between calcite group and aragoni te group minerals. 

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 structure and site sym

metry were the only factors influencing spectral properties of these 

minerals, they would cluster into just two groups. The calcite group 

minerals would all have the same spectral properties, and the aragonite 

group would form another uniform set • 

Since all differences in characteristics of the vibrational absorp

tion features in different mineral spectra can't be explained by differ

ences in the carbonate radical, differences 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 

poai tions of absorption bands in the infrared spectra of minerals are 

those factors which determine the relative strength of the chemical 

bonds between adjacent a toms. These factors are: the valences of the 

cations and anions, the coordination number of the ca ti on, the reduced 

mass of the cation (the sum of atomic weights of a given cation and of 

all the anions that coordinate it), and the degree of covalency of the 

bond (Povarennykh, 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 nine in the aragonite group minerals. 

Povarennykh (1978) states that in general vibrations shift to higher 

frequencies (shorter wavelengths) with decreasing coordination number. 

Although this is true in a general way for the carbonate minerals, there 

are many areas of overlap between band positions in mineral spectra of 

the two groups, and other factors must be involved. 

Many properties of carbonate minerals are considered to be a func

tion of the size of the major cation, which would largely control the 

cation - anion (M-0) bond length. Adler and Kerr (1963) in a study of 

this same group of minerals in the MIR (5 to lSµm) found that three of 

the four internal fundamentals CCJ
2 

being the exception) shifted to 

shorter wavelengths with dec·rease in cation radius. They concluded that 

while frequency changes might be correlated with variation in the ionic 

radius of the cation, this relationship was dependent on the electronic 

periodicity of the elements involved. Adler and X:err (1963) stated 

that these minerals fell into three subgroups, calcite, strontianite, 

and witherite in the aragonite group, and magnesite, dolomite and cal

cite, and siderite, rhodochrosite, and smithsonite in the calcite group. 
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Trends in the relationships between band po si ti on and ca ti on radius 

could be defined within these groups, but not between them • 

Figures 4.3 and 4.4 show average M-0 bond length and cation radius 

plotted against the position of band 2 for the common carbonate 

minerals. Values for ~o bond length and cation radius 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 its position 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 used. Band 2, on the other 

hand, could be determined for all spectra. Band 2 is an order of magni

tude stronger than bands 3 through 7 in these spectra. Bands 3 and 4 

over! ap, and therefore their positions as determined by GFIT are more 

sensitive to changes in continuum slope than positions of bands 1, 2, 

5, and 6. For several minerals, bands S and 6 in their spectra occur in 

the 1.9µm region affected by water bands. Since some of these mineral 

spectra may contain water features, positions determined for bands S and 

6 may be shifted from their true values. 

Plots for ~O bond length (Fig. 4.3) and cation radius (Fig. 4.4) 

are very similar, as would be expected. If smithsonite, rhodochrosite, 

and cerussite are removed from the picture, there is a rough correlation 

between band position and ~O bond length and cation radius. 

Povarennykh (1978) states that increase of atomic mass in minerals 

causes absorption features to shift to lower frequencies (longer 

wavelengths). Figure 4.5 shows cation mass plotted against the position 

of band 2. The correlation here is quite good. Magnesite (Mg), 
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Figure 4.3 Average M-0 bond length plotted against the average position 
of band 2 for each mineral. Calcite group - squares, Aragonite group -
crosses • 
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Figure 4.4 Cation radius plotted against average position of band 2 for 
each mineral. Calcite group - squares, Aragonite group - crosses • 
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Figure 4.5 Cation mass plotted against average position of band 2 for 
each mineral. Calcite group - squares. Aragonite group - crosses • 

- 77 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

•Fe •Zn 
•Mn 

•Pb 
1.5 

!' ... 
II> ... _, 
ca 
lie 
~ •Mg •Ca = Q ... _, 
CJ 
~ •Ca -~ 1.0 •Sr •Ba 

0.5 ........ ~----__.~ ....... _...~..__....~----....... --....... _...~..__....~------'--....... _...~~ 
2.30 2.35 2.40 2.45 2.50 

center band 2, microns 

Figure 4.6 Electronegativity of cation plotted against average position 
of band 2 for each mineral. Calcite group - squares, Aragonite group -
crosses • 
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siderite (Fe), strontianite (Sr), witherite (Ba), and cerussite (Pb) all 

fall approximately along a straight line • This trend spans the two 

mineral groups, and seems to transcend differences in crystal structure. 

Although calcite and aragonite do not fall directly on this line, it is 

worth noting that while .-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 line along 

which the other minerals lie. This may be attributable to the small 

radii of these ions, which offset them from the general trend followed 

by the others in the cation radius and .-o bond length plots • 

The slightly anomalous behavior of calcite and aragonite is puz-
2+ 

zling. Perhaps it is related to the fact that the radius of Ca lies 

at the upper and lower boundaries which can be accommodated by the cal-

cite and aragoni te structures, respectively, which results in greater 

distortion of the crystal lattice. 

Adler and Kerr (1963) suggested that electronic structure of the 

ca ti on might be another factor in determining band positions. Elec-

tronegativity, the power of an atma to attract electrons, was included 

in the discussion here as one expression of these differences. Values 

for electronegativity are as quoted in Berry.§.! 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 is the mass of the major cation. How-

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 appears to 

be M-0 bond length. 

IRON BANDS 

Ferrous iron is the major cation in the mineral siderite, and can 

substitute for the major ca ti on in any of the other calcite group 

minerals (Deer,.!! al. 1962). Thus spectra of any of the calcite group 

2+ 
minerals may contain absorptions due to Fe , and spectra containing 

absorption features attributable 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 rhcmbohedral carbonates. 

In an isolated transition metal ion all of the five 3d orbitals have the 

same energy (are degenerate), and electrons in an isolated transition 

metal ion have an equal probability of being located in any of the d 

orbitals. When the transition metal ion is incorporated into a crystal 

structure, the five degenerate d orbitals are split by the non-spherical 

electrostatic field of the surrounding ligands {Burns, 1970). In an 

F 2+ 3 6 undistorted octahedral site, e , which has a d configuration, will 

have one absorption band due to a Laporte-forbidden transition 
5

T2g-> 

5
T near 1.0µm {Burns, 1970; Ballhauaen, 1962). If the octahedral site 

g 

is not symmetric, degeneracies of the t 2g and eg orbital groups will be 

2+ lifted, and more bands will be observed. For Fe in aqueous solution, 

the Jahn-Teller effect causes splitting and the formation of a double 

band {Ballhausen, 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). In the calcite group minerals, 

all cations occur in octahedral sites, coordinated by six oxygens. Thus 

2+ the principal variable affecting absorptions due to Fe in spectra of 

these minerals will be the size and symmetry of the octahedral site. 

Table 4.4 lists the values for octahedral volume, average ~O bond 

length, and quadratic elongation of the coordination octahedron for each 

calcite group mineral, as given in Reeder's (1983) review paper. Robin-

son ll .!.!· (1971) found quadratic elongation to be the most useful 

quantitative measure of polyhedral distortion. Quadratic elongation for 

octahedra was defined as 

6 
A t= l (1 . /1 >

2
16 

. oc i=l 1 0 

where 1
0 

is the center-to-vertex distance for an octahedron with Oh synr 

metry whose volume is equal to that of the distorted octahedron with 

center-to-vertex distance li (Robinson et .!l·• 1971). 

Figure 4. 7 shows iron bands from spectra of each of the commonly 

occurring end member calcite group minerals, and dolomite. Two possible 

candidates for iron bands were found in calcite and smithsottite spectra. 

2+ 
The best choice for Fe absorptions in these minerals are shown in Fig-

ure 4. 7. The reasons for this selection are discussed in Chapter S, 

where variations in spectral properties with variations in chemical com-

2+ 
position are discussed. These Fe bands differ in shape and width from 

one mineral spectrum to another. 

Smithsonite, the mineral with the snrallest quadratic elongation 

(QE), • i • e, the least distorted octahedral si tea, 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 .Q& .M-Q 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 
Rhodochrosi te 13.99 1.0009 2.190 
Dolomite 

A-site 17.92 1.0016 2.38 
&-site 12.04 1.0008 2.08 

• 

• 
Table 4.3. Octahedral volumes and quadratic elongation 

for common calcite group minerals (from Reeder, 1983) • 

• 

• 

• 
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Figure 4.7 Iron bands in calcite group minerals. 
inverse centimeters. 
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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 QE, have the broadest bands. The Fe band in the calcite spec-

trum shows a marked splitting into two features. 

The position of an absorption band reflects the energy difference 

between the t 2g and eg orbitals, or crystal field splitting. One factor 

which determines the mount of splitting is the distance between metal 

and ligand, with small differences in the interatomic distances leading 

to large increases in the splitting (Burns, 1970). M-0 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 octahedral volumes occur at the shortest wavelengths 

(highest energies). Calcite, with the largest M-0 distance, has its Fe 

band situated at the longest wavelengths. The other Fe bands occur at 

intermediate wavelengths, in essentially the order that this model 

predicts. 

The Fe band in dolomite is somewhat harder to explain. It is gen-

2+ Mg2+ eral ly assumed that Fe substitutes for in the dolomite structure 

(Reeder, 1983). This is the B-site, which, as can be seen in Table 4.4, 

has the smallest octahedral volume and QE of any of the sites in these 

minerals. However, the Fe band in dolomites shows definite doubling, 

2+ 
and is centered at longer wavelengths than the Fe bands in smithsonite 

and magnesite. 
2+ 

Introduction of Fe into the dolomite structure causes 

distortion of the cation octahedra (Rosenberg and Foit, 1979), which may 

result in the observed split ting of the Fe band. It is also possible 

2+ 
than site in dolomites. Reeder (1983) that Fe may occupy more one 

notes that while majority opinion favors the B-site as the most probable 

for the location of 
2+ 

site Fe , DO systematic studies of site 
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distributions in ferroan dolomites have been done. Structural data on 

2+ 
~~O bond lengths and some bulk chemical analyses indicate some Fe may 

. 2+ 
substitute for Ca in the A-site (Reeder, 1983). Although the amount 

2+ 
of Fe substituting into the A-site may be small, carbonates are so 

transparent in this region that very minor amounts of Fe in the A-site 

could contribute features to the dolomite spectrum. Thus, the anomalous 

appearance of the Fe band in dolomites may be due to contribution of 

2+ 
features from Fe in two sites rather than one. 

WEATIIERING 

The way in which minerals alter can aid in their identification. 

Ferroan dolomites are unstable under earth surface conditions (Rosenberg 

and Foit, 1979) and will alter to form iron ozides which give dolostones 

the buff color that characterizes them in outcrop (Pettijohn, 1975). 

Figure 4.8 shows spectra of weathered and unweathered ferroan dolomite 

(sample #5501 and 6515a, respectively). The presence of iron ozides in 

2+ 
5501 masks the Mn bands and the 0.63µm band which can seen in the 

spectrum of 6515a. Iron ozides greatly intensify the drop-off into the 

UV, lower the entire short-wave! ength end of the curve, and add an 

absorption band near O.Sµm. 

Siderites are very unstable under earth surface conditions and 

readily alter to form iron ozide s. When seen in thin section, sideri te 

is commonly stained yellow-brown by ozides along crystal borders and 

cleavage traces (Pettijohn, 1975). Figure 4.9 shows spectra of a series 

of siderites which have been altered to varying degrees. Even the 

3+ 
freshest of these shows absorption features due to Fe • These occur in 

2+ 
the same region of the spectrum as Mn bands. These feature~ are dis-

cussed in greater detail in Chapter S. Spark spectrometry indicates 

2+ 
that all these samples contain Mn , and the first spectrum shows 
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Figure 4.8 Spectra of weathered (#5501) and unweathered (#6515a) 
ferroan dolomites • 
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Figure 4.9 Spectra of sideritos showing different degrees of 
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• 
absorption features due to both Mn2

+ (bands near 0.48 and 0.45µ.m) Fe 3+ 

(bands near 0.6 and 0.5). This spectrum also shows the 0.63µ.m band • 2+ 
which may be due to Fe (see Chapter S for discussion). Spectra of 

more intensely weathered spectra contain greater proportions of iron 

.oxides, which dominate the short wavelength portion of the spectr'IJID • 

• Iron oxides absorb strongly in the VIS portion of the spectrum, but are 

quite bright in the NIR (Singer, 1982). Thus, 
3+ 

al though the Fe bands 

are very strong in spectra of the intensely altered samples, the car-

• bonate 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 shape of the curve in .the 1.9µ.m region. In the first 

• spectrum the two carbonate bands can be clearly distinguished. However, 

as the intensity of the alteration increases, the carbonate bands are 

masked by the water band and there is a single asymmetric feature in 

• this region • 

MINERALOGICAL APPLICATIONS 

As discussed in Chapter 3, calcite, aragonite, and dolCllllite can be 

• identified by their spectral propterties in the VIS and NIR. Can other 

carbonate minerals be distinguished in this way? 

It was found that positions and shapes of carbonate bands can be 

used to distinguish calcite, aragonite, and dolomite • Carbonate band 

• positions should be sufficient for distinguishing some of the other car-

bonate minerals as well. Absorption bands in magnesite and dolomite 

spectra occur at shorter wavelengths than carbonate bands in any of the 

• other carbonate minerals. Studies thus far indicate that all carbonate 

bands in magnesite spectra occur at wavelengths 0.01 to 0.02µm shorter 

than equivalent bands in dolomite spectra, and should be sufficient for 

• identification. 
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Carbonate bands in spectra of witherites and cerussites occur at 

longer wavelengths than those in spectra of any other common carbonate 

minerals, and also should prove sufficient for identification. Differ-

ences in band positions between witherite and cerussite spectra are 

marked, as can be seen in Figure 4.2. These differences range from 0.04 

to 0.07µ.m. 

As was seen in Chapter 3, absorptions due to transition metal 

cations can al so aid in mineral identification. Since subs ti tut ion of 

these cations for the major cations in aragonite group minerals is very 

limited (Deer .!.! al., 1962; Speer, 1983) the presence of these absorp-

tion features in a mineral spectrum indicate the mineral belongs to the 

calcite group. The precise position and shape of these bands can help 

distinguish the calcite group. The precise position and shape of these 

bands can help distinguish one mineral from another. The differences in 

shapes and positions of iron bands in different calcite group minerals 

discussed above are an example. 

Carbonate bands in siderite spectra also occur at wavelengths which 

show little overlap with positions of carbonate bands of other common 

carbonates. In addition, siderites have the extremely strong iron band 

which is diagnostic. 

In rhodochrosite spectra studied thus far, the carbonate band posi-

tions vary considerably, and are similar to those in smithsonite and 

strontianite spectra. However, these bands do identify the mineral as a 

2+ 
carbonate, and the strong Mn bands are diagnostic. 

Band positions for calcite and aragonite are similar, but as was 

seen in Chapter 3, detailed analysis of band positions allows the two to 

be distinguished. A similar situation probably exists between stron-

tianite and smithsoni te. Carbonate band positions are not strikingly 

- 89 -

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

different, and their major cations do not have any absorption features 

which make their spectra distinctive. However, careful examination of 

the spectra of these two minerals shows that differences in band posi-

tions do exist. For example, band two in the strontianite spectra 

occurs at shorter wavelengths and is narrower than the same band in the 

smithsonite spectrum. In addition, subs ti tu ti on of transition metal 

cations for the major cation in smithsonites is a common phenomenon, 

while such substitutions in strontianitos should be relatively rare 

(Deer et .!!·, 1962; Speer, 1983). Presence of absorption features due 

2+ 
to Fe and other transition metal cations will aid in identification of 

smithsoni to • 

At this time tho lack of good spectra limits what can be said about 

carbona to bands in smithsoni te spectra. Moro spectra, preferrably of 

water-free samples, will be needed to characterize tho spectral proper-

ties of smithsonites, and determine what spectral characteristics are 

most useful for mineral identification • 
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Variations in Spectral Properties with 

Variations in Chemical Coapositioa 

INTRODUCTION 

In chapters 3 and 4. it was shown that reflectance spectroscopy in 

the VIS and NIR can be used to derive information about the mineralogy 

of carbonates. This chapter will deal in greater detail with the chemi-

cal information which can be obtained from reflectance spectra. 

Information on the chemical composition of carbonates can be 

obtained from reflectance spectra. In Chapters 3 and 4 the absorptions 

2+ 
due to Fe were examined. The effect of variations in iron content. as 

well as the effects of variations in the concentrations of other cations 

on carbonate spectra in the VIS and NIR region of the spectrum will be 

examined. 

Reflectance spectroscopy in the VIS and NIR can u so be used to 

determine the valence of transition metal cations occurring in carbonate 

minerals. Charge balance requires that all major cations in carbonates 

have a charge of +2. and studies by electron paramagnetic resonance 

(Wildeman. 1969) and Mossbauer spectroscopy (Takashima and Ohashi. 1968) 

2+ 2+ 
indicate that for Mn and Fe at least. this is the case. However • 

there is little other direct evidence for the divalent state of cations 

in carbonates. 
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There are eight naturally occuring rhombo.lledral an.llydrous single 

carbonates (Reeder, 1983): 

calcite 
magnesite 
siderite 
rhodochrosite 
otavite 
smithsoni te 
sphaerocobaltite 
gaspeite 

Caco
3 

MgC0
3 

FeC0
3 

Mn CO 
Cd co; 
ZnC0

3 
CoC0

3 
NiC0

3 

In addition there are several ordered double carbonates, of wnich dolom-

ite [CaMg(C0
3

>
2

J ancl an.t.erite [Ca(MgFe)(C0
3

>
2

J are t.ne most common. 

Others include kutnahorite [CaMn(C0
3

>
2

J and minrecordite [CaZn(C0
3

)
2

J 

(Reeder, 1983) • 

Calcite ancl dolomite are t.ne most abundant carbonate minerals, 

accounting for more than 904lll of naturally occurring carbonates. Solid 

solution t>etween aragonite group minerals is limited, and involves only 

Ca, Sr, Ba, ancl Pb (Speer, 1983). For these reasons, this chapter w11l 

deal only with carbonate group minerals, ancl t.ne bulk of t.ne discussion 

will deal with calcite and dolomite. Although gaspeite and sphaero-

cobal ti te are rare and samples of t.nem could not be obtained for t.nis 

study, their major cations have absorption features in t.ne VIS ancl NIR 

regions of the spectr1JD1, ancl occur in solid solution in other calcite 

• 

• 

• 

• 

• 

• 

• 

group minerals. e 
Formation of isomorphous solid solutions is common in calcite-group 

minerals, the degree of miscibility between end-member carbonates being 

largely a function of cation sizes (Reeder, 1983). Small differences 

in cation radii, e.g. 
2+ 2+ 2+ 2+ 2+ 2+ 

Fe and Mg , Fe and Mn , and Mg ana Mn , • 
lead to complete miscibility, while larger differences in cation radii, 

2+ 2+ 2+ 2+ 2+ 2+ 2+ 
i. e., between Ca and Mg , Ni and Mg , Ca and Fe , Ca ana 

• 
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2+ 2+ 2+ 

Mn and Ca and Ni , lead to limited miscibility (Deer~ .!l.·• 1~6l; 

Goldsmith, 1983; Reeder, 1983). Goldsmith (1983) gives a t.norough 

review of phase relations of rhombohedral carbonates. 

There are few published studies of spectral properties ot car-

• bonates in this wavelength region. However, information on spectra of 

transition metal cations may be obtained from measurements of spectra of 

aqueous solutions 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 (Burns, 1970). In cu-

cite group minerals, all cations are surrounded by six oxygens forming 

• slightly distorted octahedral sites (Reeder, 1983) • Transition metal 

cations in aqueous solutions form hexaquo complexes, which also have 

approximately octahedral. symmetry and in wnich the oxygen atan is the 

nearest neighbor of the cation (Berry . .§! .!l.·• 1980) • 

• Transition metal cations which can cause crystal field absorptions 

2+ _ _2+ 
in this region of the spectrum in the divalent state are Ti , V- , 

2+ Mn2+, 2+ 2+ 2+ 2+ 
Cr , Fe , Co , Ni , and Cu (Burns, 197U). Of these cations, 

• those which form stable end-member carbonate minerals and which occur in 

1 d . 1 . . 1 Mn2 + F 2 + Co2 + so i solution 1n common ca cite-group minera s are , e , and 

Ni
2+ (Reeder, 1983). I h ld b . bl . r· 2 + t s ou e posu e to el1.1D1nate 1 and ,;+ 

• from the discussion here, as complexes are very unstable 

(Ballhausen, 1962) and v2
+ is rare. Table 5.1 gives some 01 the data on 

absorption features in the VIS and NIR due to transition metal cations 

in carbonates, in solutions, and in hydrated compounds in wnich tne 

• cation is in octahedral coordination by water molecules. 

Other cations of end-member cal ci to-group sing! e and double car-

( 2+ 2+ Cd2+' 2+) bona tes Ca , Mg , and Zn do not absorb in this region 

• (Burns, 1970), but may atfect spectral properties of carbonate minerals 
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Ca ti on Form Bana Position Source I 

• v2+ d3 2+ 
I 

V(H2 o> 6 
11,800 1 I 
17,SOO I 

Cr2+ d4 2+ 
Cr(H20)

6 
14,000 1 
14,000 2 

• Mn2+ d5 MnC03 18,180 3 
22,220 
24,3 90 
27,030 
29,410 

• 2+ Mn(H
2 

0) 
6 

18,900 1 
23,000 
25,000 
28,000 
29,750 

• 32,400 

2+ 
Mn(H

2 
0) 

6 
18,800 4 
23,000 
24,900 
25,150 

• 28,000 
29,700 

2+ 
Mn(H

2 
0) 

6 
18,870 5 
23 ,120 
24,960 
25,275 

• 27,980 
29,750 
32,960 
40 ,810 

Fe2+ d5 2+ 
Fe(H2 o> 6 

10,000 2 

• 2+ 
Fo<H2 o> 6 

10,000 1 

2+ 
Fe(H2 o> 6 

10,400 6 

2+ 10,400 Fe(H2 o> 6 
7 

• 8300 

2+ 
Fe (H

2 
0) 

6 
10,400 4 

• 
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Cation 

2+ 
Cu 

Form 

CoS0
4

• 7H
2 

0 

2+ 
Co(H

2
o> 

6 

2+ 
Ni(H

2 
0) 

6 

Ban<l Position Source I 

19 ,250 8 
20,800 
22,875 

8,100 
19,400 

8,350 
19,800 

8,350 
20,000 

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

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

8,000 
14,000 
25,300 

8,600 
14,700 
25,500 

9,430 
12,660 

13,000 

6 

1 

2 

6 

9 

4 

1 

10 

1 

1. Holmes and McClure (1958); 2. Ballhausen (196i); 3. Hunt and Salis
bury (1971); 4. Jorgensen (1954); 5. Heidt et al. (1959); 6. Jorgensen 
(1955); 7. Cotton and Meyers (1960); 8. Le Paillier-Malecot (1983); 9. 
Jorgensen (1956); 10. Bjerr'IJlll et al. (1954) 

Table 5.1 Data from the literature on number an<l positions of absorp
tions due to transition metal cations. Band positions in inverse cen
timeters • 
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in other ways. The effect of both transition and non-transition metal 

cations on the spectral properties of carbonates will be discussed 

below. 
2+ 

MAGN~IUM, Mg 

High magnesian calcites are important constituents of modern marine 

sediments (Milliman, 1974). Therefor h would be highly desirable to 

determine the effect of solid substitution of Mg for Ca in calcites on 

their spectral properties. Unfortunately, 
2+ 

Mg itself has no charac-

Mg
2+ 

teristic absorptions in this region, and information on can only 

be derived from the carbonate bands. All the high Mg calcites studied 

thus far contain water (see Chapter 6), and the strong absorptions due 

to water have made it difficult thus far to do any detailed studies of 

2+ 
the changes of spectral properties of calcite with variations in Mg 

content. 

Figure 5.1 shows spectra of a low Mg calcite (Crassostrea) and a 

high Mg calcite (Echinometra). Despite the strong water bands, it can 

be seen that the strongest carbonate band, band 1, occurs at snorter 

wavelengths in the high Mg calcite than the same band in the low Mg cal-

cite spectrum. This is typical of spectra of biogenic high Mg calcites • 

The shift of the carbonate band to shorter wavelengths with 

. Mg2+ increased content is in accord with the fact tn.at carbonate bands 

in dolomite [CaMg(C0
3

>
2

J and magnesite (MgC0
3

) spectra occur at shorter 

wavelengths than those in calcite spectra (see Chapter 4) .• 

Before more detailed studies can be done, some means of isolating 

the spectral component due to water in t.b.ese spectra must be developed. 

Blake (1983) used the LOWTRAN model to remove etfects of absorptions due 

to atmospheric water from remotely obtained spectra. Similar correc-

tions for absorptions due to liquid water in laboratory spectra should 

also be possible • 
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Figure S .1 Spectra of biogenic high Mg (Echinometra) and low Mg (Cras
sostrea) calcites, showing difference in position of carbonate bana 1 • 
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2+ 
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 1.0µ.m, where Fe bands commonly occur. However, 
2+ 

Cu in 

aqueous solutions also gives absorptions between 0.7 ana 1.0µ.m (Bjerrum 

et.!.!., 1954; Holmes and McClure, 1957). Positions of absorption 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 
2+ 

bands due to Fe generally occur in the 1.0µ.m region, pyroxene spectra 

2+ 
have an absorption feature due to Fe near 2.0µ.m (Adams, 1975). Thus 

band position alone can't be used to assign a new absorption feature to 

a given ca ti on. 

2+ 9 
Cu has a 3d electronic configuration, and in an undistorted 

octahedral site has a 
2

E 
g 

. 2T (t )5 (e )4 state 1s 2g 2 g g 

6 3 
(t2 ) (e ) ground state. The only excited 

g g 

(Ballhausen, 1962). The 2E state is suscep
g 

tible to a strong Jahn-Teller distortion, and no regular octahedrally 

2+ 
coordinated Cu complex should exist (Ballhausen, 1962). This mechan-

ism is invoked to explain the fact that there are no naturally occurring 

anhydrous copper carbonate minerals (Reeder, 1983). There are two 

hydroxyl-bearing copper carbonate minerals: malachite and azurite. Data 

on their crystal structure is s11mJDarized by Andersen (1978). The copper 

ions in malachite (Cu2co3 [0HJ 2> occur in two axially elongated 

2-
o ct ahedr al sites, one coordinated by four co

3 
and two OH ions, the 

other by two co3 and four OR ions The spectrum of ma! a chi te has 

2+ 
absorptions due to Cu near 1.08µ.m, 0.77µ.m and 0.45µ.m. Copper ions in 

azurite (Cu3 Cco
3

J
2

COHJ
2

> also occur in two different sites, which are so 

distorted that one is essentially square planar, the other a square 

based pyramid. Azurite has two absorptions due to Cu2
+ near 0.77µ.m ana 
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0.62µm (Andersen, 1978). Hunt and Salisbury (1971) found muachite ana 

azurite spectra to have a band centered near 0.8µm, ana a tail-off into 

the UV beyond O.S2µm in malachite spectra, and beyond 0.4Sµm 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 

2+ 
the Cu resides make close comparisons between absorption features due 

2+ 
to Cu in malachite and azurite spectra and in calcite spectra of !im-

ited value. 
2+ 

It would be anticipated that Cu in aqueous solution would 

be a much better analogue. Bjerrtm1 ll al. (1YS4) found tnat an absorp-

2+ 
tion spectrum of aqueous Cu has a broad feature which can be resolved 

into two gaussian curves centered at 0.79 and 1.06µm. 

The calcite spectra shown in Figure 5.2 have absorption banas near 

0.9µm 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 aue 
2+ 

to Fe , a cation which is reported to occur much more commonly in solid 

2+ 
solution in calcites than is Cu • 

2+ 
In fact substitution of Cu for 

Ca2
+ in calcites is not even discussed in review articles and summaries 

on carbonate chemistry by Deer et al. (1962), Goldsmith (1983), Lippman 

(1973> or Reeder (1983). This particular absorption feature was found 

in the spectra of five of the calcite samples used in this study, ana i~ 

would be logical to attribute such a common feature to a common ion, 

2+ 
such as Fe • However, all five of the samples which show this feature 

are from Arizona, and four are from Bisbee, the site of large copper 

mines. Pal ache li .!.!· (1951) note that crystals and stalactites from 

this area are sometimes colored green by malachite inclusions. Anthony 

(1977) also note that calcites from the Bisbee area contain 
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• 

• copper salts • Atomic absorption analyses of four of these samples 

(1511, 1513, 10527, and 1504) indicate that they contain copper. 

Negative evidence also supports the assignment of this feature to 

2+ 
Cu • X-ray flourescence and atomic absorption analyses of some ot t.ne 

• samples containing this feature indicate the Fe
2

+ content of t.nese sam-

ples is very low. Atomic absorption analysis of the same three samples 

analysed for copper indicate they contain less than 0.005% Fe by weight • 

• This concentration of Fe is below the detection limits determined for 

2+ 
Fe in dolomite and calcite spectra (see below), ana other cu cites 

containing similar amounts of Fe have no absorption features in t.nis 

• region. In addition, this feature does not fit t.lle trends for s.napes 

. . f F 2+ b and positions o e ands in rhombohedral carbonate mineral spectra 

outlined in Chapter 4. If this feature were indeed due to Fe
2

+, it 

would mean that the iron band which occurs at the highest energies, and 

• most nearly approximates the ideal single ban<l predicted for iron banas 

in octahedral sites would occur in the mineral with the largest ~O bond 

lengths and the most distorted coordination octahedra • 

• A similar feature occurs in a smithsonite spectrum (Fig. 5 .5). 

Headen (1925) published an analysis of smithsonite from Kelly, New Mex-

ico, the site from which sample 4504 was obtained, which showed t.lle sam-

• ple contained 3 .48% CuO, and only trace amounts of FeO. Spark spec-

trometry also indicates this sample contains Cu. 

These absorption features in both t.lle calcite and smithsonite spec-

tra are centered at shorter wavelengths t.llan iron bands in t.11e same • minerals, and do not show the marked doubling that the iron bands do. 

2+ 
Cu in calcite produces a broad bana centered near 0.9µm. When 

the spectrum is plotted in inverse wavelengt.n space, it can be seen that 

• 
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Figure 5.2 Spectra of cuprian calcites • 
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I Carbonate Bands Cu I 
I 

I Sample 1 2 3 4 5 6 7 Band I 
I 1510 2.533 2 .388 2.269 2.165 1.992 1.884 1. 788 o. 97 9 I 
I 10527 2.547 2.343 2.268 2.170 1.993 1.884 1. 764 0. 9561 
I 1511 2.527 2.333 2.254 2.158 l.989 1.883 1. 774 0.948 

11513 2.535 2.336 2 .258 2.170 1.989 1.889 1.808 o. 931 I 
1504 2 .529 2.334 2.258 2.160 1.991 1.890 1. 763 o. 903 I 

Table 5.2 Positions of carbonate bands and major copper bana in calci~e 
spectra as determined with the Gaussian fitting routine • 
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Figure 5.3 Relative intensities of copper bands plotted as a function 
of copper content. 
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this feature actually consists of at least two bancis. The stronger of 

the two is centered near 0.9µm, the weaker is centered in t.ne 1.5µ.m 

region, and may actually be composed of two bancis. Al though t.ne pres-

ence of minor amounts of water in some samples, anci t.ne possible pres-

ence of other absorbing cations in some samples precluded precise deter-

mination of the intensities and positions of t.nis weaker bana, it 

appears that when measured on a log scale, as is done w.nen GFITt1ng 

spectra, the intensity of the· stronger band is t.nree to four times t.nat 

of the weaker band. 

2+ 2+ 
Chemical analyses show that as w1th Fe anC1 Mn , relative inten-

sities of bands increase with increase in concentrat1on of t.ne absorbing 

cation. Figure 5 .2 shows spectra of four cuprian calcites (adj ect1val 

form used by Palache .il al., 1951). Intensities of &J.l t.ne carbonate 

bands are similar, indicating the particle sizes of t.ne samples were 

approximately the same. The differences in intensities ot coppper 

bands, then, are due to differences in copper content. Figure S.3 shows 

the intensity of the copper band ratioed to the intensity of carbonate 

band 2 (to correct for particle size e:t'fects, see discussion ot iron 

bands below) plotted against the Cu content ot· t.ne four samples for 

which analyses were available. These data bear out t.ne conclusion that 

band intensity increases with copper content. 

With increasing 

shorter wave! engths. 

2+ 
Cu content, the stronger 

2+ 
Cu band moves to 

In addition, the drop-off into t.ne 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 containing this 

absorption feature • This illustrates t.ne shift in band position w1 th 

increasing Cu content. The limited sea tter in t.ne 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. 

Detection limits for copper appear to be lower tb.an for iron. 

Similar quantities of iron in dolomites give barely perceptible absorp-

tion features. Holmes and McClure (1957) found tb.at molar extinction 

2+ 2+ 
coefficients for Cu were about three times that for Fe • 

The centers of carbonate bands in spectra of cuprian ca!cites occur 

at the same or slightly shorter wavelengths t.n.an equivalent banas in 

no:a-cuprian calcites. Table 5.2 gives positions of bands for five 

cuprian calcites as determined by GFITting. 

Copper features in a smithsoni te spectrum are sb.own in Figure 5 .S. 

This spectr'IDD was not analysed usinng GFIT, and tb.e bana positions given 

are estimates only. This band is narrower than tb.e copper bana in ca!-

cite spectra. The band is centered near 0.97µm, ana as w1t.n. t.n.e copper 

feature in calcite spectra, there is a second weaker feature wnich 

causes a shoulder on the main band. However the second bana occurs at 

shorter wavelengths than its calcite counterpart, being centered at 

approximately 1.2µm. The fact that the splitting between tb.e two copper 

features is much less in the smithsonite spectrum tb.an in t.n.e calcite 

spectrum probably reflects the fact t.hat, as discussed in Chapter 4, the 

octahedral sites in calcites are more distorted t.n.an tb.ose in smithson-

it es. 
2+ 

IRON, Fe 

Ferrous iron very commonly substitutes into calcites and dolomites, 

as well as other calcite group minerals (see Chapter 4). Crystal field 

theory predicts that a d6 ion in and octahedral site w1ll proauce one 

absorption band due to a transition from 
5

T Ct2 >
4 

(e >
2 

to 
5

E (t )3 
2g g g g 2g 

(e >
3 

(Burns. 1970; Cotton and Meyers. 1960). The data in Table S .1 
g 
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indicate that this ion forms a strong absorption near l .Oµm. If t.ne 

octahedral site is distorted, the degeneracies of t.ne d-orbitals w1ll be 

lifted and two or more absorption bands may occur (Burns, 197U). 

As seen in Chapter 4, Fe
2

+ in calcite produces a broad douole 

absorption band centered near l .3µm. Only two ferroan ca.L cite spectra 

have been obtained thus far, but based on this !united data set it: 

appears that carbonate band positions in f erroan calcite spectra are 

essentially the same as those of non-ferroan calcites • 

The nlDDber and positions of t.he bands indicate t.hat the iron is 

2+ 3+ 3+ 
actually Fe rather than Fe • Fe in aqueous solution has t.nree 

bands near 0.8, 0.55, and 0.41µm (Cotton and Meyers, 1960). In Chapter 

9 the effect of ferric iron in t.he form of iron oxides on the spectral 

properties of carbonate rocks is discussed. 

Detection limits for Fe are quite low. X-ray fluorescence analyses 

of two calcite samples (6506 and 10519) indicate they contain :::O.Ol'lb Fe 

by weight. Atomic absorption analysis of 6506 confims t.nis. These 

2+ 
spectra have very weak Fe absorptions, indicating t.nis is just at the 

detection limit for Fe. 

2+ 
Fe also substitutes into dolomites. The majority of ferrous iron 

2+ 
in dolomites substitutes for Mg , and occurs in t.he same B-site as t.ne 

2+ 
Mg (Reeder, 1983) • Up to 70'WI of t.he Mg may be replaced by Fe, ana 

these high iron dolomites are also called ankerites (Deer .!! al., 196:.l.; 

Lippman, 1973). 

2+ 
As was seen in Chapter 4, Fe in dolomites produces a broad double 

band in their spectra centered near 1.lµm. The intensity of t.llis band 

increases with increasing iron content, as can be seen in Figure 3.17. 

In addition, the drop-off into the ultraviolet increases in intensity 

and extends to shorter wavelengths as iron content increases. 
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• 
Spectra of eight dolomite samples were analyzed using tne GFIT rou-

tine. Figure 5.6 shows a completed gaussian fit to one ot tne dolom- • 
ites, and the results of this analysis are given in Table 5.3. 

Bands numbered 1 through 7 are the carbonate bands discussed in 

Chapter 3, and bands 8 through 10 are iron bands. The iron bands were • initially fit with two bands, corresponding to the two obvious bulges in 

the spectrum near 1.0 and 1.3Sµm. While this allowed a fit to be 

achieved at nigh accuracy (0.005) there still remained some areas of the • curve which were not well matched. This can be seen in Figure 5.7a, 

which shows the residual errors for a two-iron-band fit. The wavelike 

features in the residual errors near 1.0µm indicate a feature is miss-

• ing. A third band in the 1.25µm region was added to the first two and 

the fits were done again. The fit was done so that t.b.e first two bands 

used were large, and the third band added in the middle was kept as the 

smallest band. As can be seen in Figure 5.7b t.b.e three-band fit to the • 
iron band gave an improved fit as shown by t.b.e residual errors. There 

remains a small wave-like feature in t.b.e errors near 1.0µm, wnich is 

evidenced by a slight miss-match between the data and fit curve in Fig- • 

ure S. 6. However the errors in this region for most spec'tra are less 

than 1,, and the three bands were taken as an adequate fit to the data. 

Adding the extra band to the iron feature did not atfect tne fit to e 
the carbonate bands. As can be seen in Figure 5.7, the residual errors 

in this region do not change. Carbonate band positions determined in 

both fits are the same. • 
The cause of band 11 is not certain. It occurs in spec'tra of fer-

roan dolomites, rhodochrosites, and siderites. It occurs at longer 

2+ 
wavelengths than band positions reported for Mn , and may be one ot the • 2+ weak spin-forbidden bands which occur in Fe spectra (Burns, 197UJ. 
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Figure S .6 Gaussian fit to dolomite spectrum (#2501) showing all bands 
fit to dolomite spectra • 

- 110 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Carbonate Bands 
Sample 1 2 3 4 5 6 

I 6514 2.516 2.319 2.244 2.165 1.979 1.862 
I 6509 2.516 2.320 2.248 2.165 1.974 1.869 
I 6503 2.505 2.312 2.235 2.157 1.971 1.853 
I 2501 2 .508 2.313 2.234 2.155 1.971 1.872 
I 6510b 2.518 2.322 2.247 2.170 1.977 1.867 
I s501 2.513 2.323 2.244 2.150 1.975 1.882 
16515& 2.530 2.333 2.262 2.185 1.986 1.888 

6502 2.532 2.330 2.251 2.191 1.976 1.912 

I Iron Bands 
I Sample 8 9 10 
I 6514 1.343 1.040 
I 6509 1.379 1.050 
I 6503 1.435 1.268 1.044 
I 2501 1.389 1.237 1.055 
I 6510b 1.409 1.269 1.051 
I 5501 1.419 1.276 1.066 
I 6515a. 1.420 1.277 1.060 
I 6502 1.411 1.256 1.063 

Table 5 .3 Positions of carbonate and iron banas in dolomite spectra 
determined using the Gaussian Fitting routine. Samples are luted in 
order of increasing Fe content, as determined by atomic absorption • 
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Figure S. 7 Residual errors from a gaussian fit to t.he spectrum of 
#6510b using two bands (a) and three banas {b) to fit the Fe feature. 
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Figure 5.8b Relative intensities of Fe bands in spectra of dolomite 
samples, as determined using GFIT, plotted vs. Fe content. Weathered 
and unw_eathered samples • 
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Figure S .9a Relative intensities of Fe banes plottted vs. Fe content 
for unwea thered samples. Intensities taken directly from data curve • 
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Calcite 

Dolomite 

Aragoni te 

Smithsoni te 

Side rite 

Magnesite 

1504 
1505 
1508 
1510 
1511 
1513 
1515 

6515a 
6502 

10501 

4501 
4504 
4506 

6515b 
9503 
9504 
9506a 

1 Santa Cruz Co., New ~exico 
Richelsdorf, Germany

3 Franklin, New Jirsey 
Bisbee, Arizona

5 Bisbee, Arizona
6 Bisbee, Arizona 

7 Moresnit, Germany 

Morro Velho, Brazil: 
Cumberland, England 

Horschenz, Czechoslovakia10 

11 Laurium, Greece 
12 Kelly, New Mexico 

8 Chihuahua, Mexicon 

~~;;:.v~~!:: ~~~!!:ish Co., Novf
3
scotia12 

Ouro Preto, Minas Gerais, Brazil 
4 Roxbury, Litchfield Co., Connecticut1 

2507 Kurnalpi, Western Australia15 

1. Smithsonian Inst. #125127; 2. Smithsonian Inst. #84055; 3. 
Smithsonian Inst. #C6336; 4. Smithsonian Inst. #82364; 5 • 
Smithsonian Inst. #82362; 6. Smithsonian Inst. #89624; 7. 
Smithsonian Inst. #104454; 8. Horn Minerals, Smithtown, Long 
Island; 9. Smithsonian Inst. #81674; 10. Smithsonian Inst. 
#Rl2050; 11. Smithsonian Inst. #R2518-9; 12. Wards Natural 
Science Establishment; 13. Nature's Treasures, Hawthorne Calif.; 
14. Minerals Unlimited, Ridgecrest, Calif.; 15. Excalibur 
Minerals, Dover, N. J • 

Table S .4 Mineral samples discussed in this chapter, and localities 
from which they were obtained. 
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Band 12 outlines the absorption edge into the UV wnich is probably due 

to a charge transfer band centered at wavelengths too short to be meas

ured try our instrtJment. 

Unlike the Cu bands in calcites, there is no discernable trend in 

position of iron bands associated with the changes in iron content • 

However, the intensity of iron bands increases with increased Fe 

content. These eight dolomites were analyzed for iron by atanic absorp-

tion spectrophotanetry • Since. as seen in Chapter 3, absorption bana 

intensities are affected by particle size and packing, absolute intensi

ties of iron bands could not be used as a measure of iron content. As 

seen in Chapter 3. however, intensities of carbonate bands do not vary 

significantly with changes in chemical composition. Thus t.lle intensi

ties of the carbonate bands can be taken as a measure of grain size and 

packing, and intensities of Fe bands relative to the carbonate banas can 

be used as a measure of Fe content. The intensity of the strongest Fe 

band (band 10 in Figure 5.7) was ratioed to the intensity of band 2, the 

carbonate band for which, as discussed in Chapter 4, parameters could be 

most reliably determined, and these ratios were plotted as a tunct1on of 

Fe content. 

Six of the eight samples were unweathered: 6509, 6514, 6503, 2501, 

6510b and 6515a. Samples 5501 and 6502 were buff-colored from Fe 

oxides. Figure 5 .Ba shows a plot of t..lle ratio ot· tne intensity ot t.ne 

Fe band to the intensity of band 2 plotted as a tunction of Fe content. 

Intensities used were those determined in log space using t.11e GFIT pro-

gram. The points form a smooth curve, with t.he ratio increasing 1nt.b. 

increasing Fe content. Ftgure 5.Sb includes the data for the two weath

ered samples. Although sample 5501 falls slightly off the curve, the 

correlation is still good. Ratios determined using intensities in 
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linear space rather than log space are very similar to these, anct show 

the same relationships. Either values could be used. 

Was all that GFITting useful? For comparison, ratios for values 

of intensities taken directly from t.he data curves were used. The value 

for the lowest data point in the iron band and the lowest data point in 

the 2.3µm carbonate band were ratioed and these values plotted against 

Fe content. Figure 5.9a shows the values for t.he six unweathered sam-

pl es. The curve outlined by the points shown here, al t.nough not as 

smooth as that seen in Figure 5.8a, shows a relatively good correlation 

between this ratio and Fe content. However, when the data points for 

the weathered samples are added, as in Figure 5.9b, it can be seen that 

the correlation is rather poor. The gaussian analysis has removed some 

of the effects of weathering products on the spec~rum, ana ailowed tne 
2+ 

spectral component due to Fe to be isolated. 

• 

• 

• 

• 

• 

2+ 2+ • 
Dolomite is a complex mineral. Mn as well as Fe may substitute 

Ca
2+ 2+ 

into the dolomite lattice, and may replace either or Mg , altnough 

EPR spectra indicate the Mg-site is more populated than the Ca-site 

(Wildeman, 1969). Pierson (1981) analysed 86 dolomite samples and found • 

that concentrations of iron and manganese are positively correlated, anct 

fall around a straight line on a log-log plot. He also found the sam-

ples to contain traces of lead, chromium, nickel, cobait and strontium. • 
In addition, the composition of many dolomites is not 

stoichiometric, i. e., their composition deviates from the ideal 

Ca0 •50Mgo0 •50co3 • Although deticiences ot Caco3 of up to one mole per e 
cent occur, more commonly there is an excess of calcium of up to seven 

mole per cent CaC03 (Goldsmith, 1983; Lumsaen and Chimahusky, 1980; ana 

others), and dolomites containing as much as 62 mole % CaC0
3 

( 12 mole ~ 

excess) (Katz, 1971) have been observed. Thus it is difficult to 
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isolate one cation and judge its effects on carbonate band parameters as 

other variations in chemical composition may also be involved. However, 

2+ 
the large range in Fe content of the dolomites studied here made it: 

possible to outline some of the trends associated wit.b. t.nis composi-

tional variation • 

Bands 1 through 7 shown in Figure 5.6 are carbonate bands. 

Although band 7 is visible to the eye in most dolomite spectra, it is 

too weak in most spectra to fit using the GFIT routine, ana data was 

only obtained on bands 1 through 6. 

Figure S .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 longer wavelength side moves to longer 

wavelengths. In addition the saddle between the two bands becomes pro-

gressively lower with increasing iron content • In the 1.9µm region, 

band S appears to remain approximately stationary, while band 6 moves to 

longer wave! engths until in the spectrum of 6502 the two bands over! ap 

to form one feature • 

These trends are reflected in parameters for carbonate bands as 

determined by GFIT (see Table 5.3). In general. bands 1, 2, 4, and 6 

tend to move to longer wavelengths with increasing iron content. In 

addition, band 2 becomes wider. 

The trend to longer wavelengths of bands 1 and 2 w1th increasing Fe 

content is not true for all sample spectra • For example, band 1 in 

spectra of samples 6509 and 6514 occur at shorter wavelengths t.b.an band 

1 in the spectra of samples 2501 and 6503, even though 2501 and 6503 

contain more iron • Obviously Fe content alone does not control the 

position of carbonate bands. Non-stoichiometry may be a factor. 
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Carbonate bands in calcites occur at longer wavelengt.ns t.nan carbonate 

bands in non-ferroan dolomites, which in turn occur at longer 

wavelengths than carbonte bands in magnesites. Excess Ca in dolomites 

might shift carbonate bands to longer wavelengt.11.s. Or excess Mg, 

although less common, might shift bands to shorter wavelengt.11.s. 

The same suite of carbonate and iron bands were used to fit aJ.l t.11.e 

dolomite spectra. The only exceptions were t.11.e cases w.nere band 7 

couldn't be fit, as mentioned above, and the omission of t.11.e weak t.11.ird 

iron band (band 9, Figure S.6) from fits to spectra of samples 6509 and 

6514, in which the iron features were very weak. Despite t.b.e fact t.nat 

all the dolomites were fit with the same set of bands, not all fits to 

the carbonate bands were equally good, as evidenced by t.b.e residual 

errors. The plots of residual errors shown in S .11 for four different 

dolomites shows that the errors in the 2.3 to 2.5µm region for 6514, a 

dolomite which contains =0.03 weight per cent Fe, are large, as much as 

5 to 6 per cent in this region. For 6502, however, which contains =15 

weight per cent Fe, the fit in this region is very good, and the resi-

dua! errors are less than 1.,. It would appear that in this region an 

additional band is appearing, or t.b.at one already present is increasing 

in intensity. Or distortion of t.b.e crystal lattice by addition of Fe 

• 

• 

• 

• 

• 

• 

• 

may change the band shapes. e 
The carbonate bands in spectra of ferroan dolomites or an.kerites 

become almost aragonite-like in shape and position. This similarity 

al so appears in band-band plots of carbonate band positions. Figure 

S .12 is a plot of the . position of band 1 pl~tted against the posi uon ot" 

band 2 for calcites, aragonites, and dolomites. To the data plotted in 

Figure 3 .13 were added the band positions for two high iron dolomites, 

6515a and 6502, and an aragonite, 10501. Note the overlap in band 
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Figure 5.10 Carbonate bands in spectra of four dolomites with different 
Fe contents • 
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Figure S.11 Residual errors for fits to four dolomite spectra in order 
of increasing Fe content • 

- 123 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

•calcite 
+ aragonite 

2.54 •dolomite 

• •• • + • • ~ 2.53 • • = • ti! 
.c 
ill ... 
~ -= 2.52 • ~ 
CJ • 

• • • 
2.51 

• 
• 

2.31 2.32 2.33 2.34 

centers band 2 

Figure S.12 Position of band 1 plotted against position of bana 2 for 
all dolomites, aragonites, and calcites • 
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Figure 5.13 Position of band 4 plotted against position of bana 2 for 
all dolomites, aragonites, and calcites • 
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positions for the aragonites and high iron dolomites. Note also that in 

this plot it can be seen more clearly that banas 1 ana 2 in aragonite 

spectra occur at slightly shorter wavelengths than equivalent banas in 

calcites. Figure S .13, a plot of t.ne position of band 2 vs. the po si-

tion of band 4, and Figure 5.14, a plot of bana 3 plotted vs. bana 4, 

show the same areas of overlap between the aragonites and ferroan dolom-

ites. The fact that the dolomites overlap w1t.b. tne aragonites rather 

than with the calcites may be related to the distortion of the crystal 

lattice which Rosenberg and Fait (1979) found resulted from tne substi-

2+ 
tution of Fe into the dolomite structure. 

This similarity in carbonate band shapes and positions in dolomite 

and aragon1 te spectra would not lead to confusion between the two 

minerals because the ferroan dolomite spectra have tne very strong iron 

band, which aragonite spectra will lack • 

Interestingly, but not surprisingly, carbonate banas in spectra of 

ferroan dolomites, samples 651Sa and 6502, occur at longer wavelengths 

than equivalent bands in siderite spectra. Possible reasons for t.nese 

differences in band positions are discussed in Chapter 4, where changes 

in band positions were related to differences . in crystal structure and 

characteristics of the cation. Cation mass and cation radius appear to 

be the most important factors • 

MANGAN.l!SE, Mn2
+ 

Manganese in carbonates gives rise to a number of absorption 

features at wavelengths shorter than 0.6µm (Hunt and Salisoury, 1971) as 

can be seen in the rhodochrosite spectrum shown in Figure 4.1. This 

spectrwn was taken on the Beckman DK-2A. 
2+ - s 

Mn has a d electronic con-

figuration and in octahedral coordination gives rise to a 6 A ground 
lg 

state (Ballhausen, 1962; Hunt and Salisbury, 1971). Hunt and Sal1soury 
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(1971J give the following band positions and assignments for divalent 

manganese in rhodochrosite: 

from 6A 
lg 

to: 

4T 
lg 0 .34µm 

4E 0.37µm 
g 

4~g' 4E 0.4lµm 
g 

4T 
2g 

0.45µm 

4T 
lg 0.55µm 

Rhodochrosite spectra taken with the Perkin-Elmer 330 show that 

there are actually five bands in the 0.35 to 0.6µm region. The four 

strongest bands occur near 0.36, 0.40, 0.44, and 0.54µm. These banas 

correspond to those observed by Hunt and Sa11soury (1971) in t.nis same 

region. A weaker band occurs near 0.38µm. Heidt .ll .!!· , ( b5 8) 

2+ 
assigned two features in a spectr'IDD of Mn(H2 o>

6 
near 0.40 ana 0.39µm to 

the 
4

Eg and 
4

A
1

g transitions which energy level diagrams caJ.culated by 

Heidt et al., (1959), and Orgel (1955) indicate should have essentially 

tho same energy. 

Ballhauson (1962) states that all these transitions are spin for-

bidden, and that this is reflected in their low extinction coefficients. 

This is also reflected in the differences in relative intensities 

2+ 2+ 
between Fe and Mn bands in t.neir respective end-member carbonates. 

Spectra shown in Figure 5 .15a and b, plotted in energy space, show that 

while the Fe
2

+ bands in siderite spectra bottClll out at intensities ot 

0.2 or less, and attempts at gaussian fitting inaicate the banas may 

2+ 
have begun to saturate and are no longer gaussian shaped, the Mn banes 

in rhodochrosite spectra do not saturate and inaeed the centers ot t.ne 

bands generally only drop to intensities of 0.6 or more. 
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Figure 5.16 shows the spectrum of a manganoan calcite, sample 1508 

from Franklin, New Jersey. A chemical analysis of a cucite quoted by 

Palache et ..!!·, (1944) indicates calcites from tnis locaiu:y contain 

large amounts of manganese (in that case, 16.7' MnO). ED.AX analysis of 

1508 indicates it contains Mn, too. This spectrum has absorptions at 

-1 -1 
:::19,000 cm (0.526µm) and 22,800 cm (0.439µm). These banas occur at 

slightly shorter wavelengths than the equivalent banas in rhodochrosite 

spectra. 

Carbonate bands in the spectrum of sample 1508 occur at sl 1ghtly 

longer wavelengths than those in spectra of non-manganoan calcites. 

This would seem to agree with the fact t.11at, as was seen in Chapter 4, 

carbonate bands in rhodochrosite spectra occur at longer wavelengt.lls 

than carbonate bands in calcite spectra. 

Mg
2+ 2+ 

Manganese al so subs ti tut es for and Ca in dolomites. Unlike 

Fe
2

+ it occurs in both the Ca and Mg sites, alt.11ough the Mg si~e is pre-

ferred (Wildeman, 1969). Figure 5 .17 shows spectra of t.llree dolomites 

2+ 
containing different amounts of Mn as determined by atomic absorption 

2+ 
spectroscopy. Intensities of absorptions due to Mn , and t.11e absorp-

ti on · edge into the UV increase in intensity wt.th increasing Mn content. 

2+ . 2+ 
As mentioned above, Mn 1s not as strong an absorber as Fe , and data 

show the detection limits are correspondingly higher, :::0.1 weight per 

cent Mn. 
2+ 

It has proved difficult to fit gaussian curves to Mn bands 

in dolomite spectra taken with the University of Hawaii spectrometer. 

Data from one of the spectrometers which extends to shorter wavelengt.lls 

will be required to determine precise reltationships between band inten-

2+ 
sities and positions and Mn content. Because carbonate banas in rho-

dochrosi te spectra occur at longer wavelengt.lls t.11an the suie bands in 

2+ 
dolomite spectra, it would be expected t.11at increasing Mn content in 
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dolomites would cause carbonate bands to move to longer wavelengtns. 

2+ 
However, because Mn concentration tends to be roughly correlated with 

2+ 
Fe concentration (Pierson, 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 

~fn2 + on the positions of carbonate bands from tne etfects of increased 

Fe
2

+ content or non-stoichiometry. A large number of well characterized 

2+ 
samples will be needed to isolate these etfects. A combination of Mn 

band intensities, Fe2
+ band intensities, and carbonate band positions 

should allow the composition of a dolomite to be determined relative to 

the four most abundant components. 

2+ 3+ 
These spectra show that the ion present is Mn rather than Mn • 

Mn3
+ has a 3d

4 
electronic configuration, and Holmes and McClure (1~57) 

found that the spectrum of CsMn(S04) 0 128i0 had a single broad absorption 

-1 
centered near 21,000cm • 

O'IHER CATIONS 

Table 5 .1 gives some of the data on absorption features due to 

transition metal cations in the VIS and NIR. As can be seen, a number 

of other absorption features besides those due to Fe, Cu, and Mn occur 

in this wavelength region. Some ot these have been found in spectra of 

calcites, magnesites, and smithsonites. Figure 5.18 shows some of these 

spectra. All of these spectra contain water bands and none have been 

analyzed with the gaussian fitting routine. Band positions are esti-

mates only. 

The first spectrum is that of a calcite (1505) which EDAX analysis 

indicates contains cobalt. 
2+ 

Co has a 

octahedral site, the ground state is 
4

T (t >
5 

lg 2g 

transitions are possible (Le Paillier-Malecot, 
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-1 
complexes show an absorption near 8100cm (1.23µ.m) assignable to the 

transition 4T -> 4T 
lg 2g 

(Ballhausen, 1962), and a complex band near 

(0.5µ.m) which 
-1 

20,000cm reportedly is composed of two or more banes 

assignable to 
4

T1 g -> 4 ~g transitions, ana 
4

T1 g -> 4
T1 g transi uons, 

among others (Holmes and McClure, 1957; Orgel. 1955). Le Pai.llier-

Malecot (1983) found that a spectrum of CoC0
3 

had overlapping absorption 

-1 
bands due to cobalt at 19,250, 20,800, ana 22,87~ cm (0.52, 0.48, ana 

0.44µ.m respectively), which, he states (p. 234), "in t.ne cubic field 

approximation, one may consider 

4
T

1 
( 
4

P) excited levels" • 

are connected with 
4~( 4F) ana 

The calcite spectrum has a very broad, weak absorption near 

-1 -1 
8000cm (1.25µ.m) and a stronger bana near 18,500cm (0.54µ.m), w1th a 

-1 
shoulder near 19,500cm (0.51µ.m). The 1.25µ.m absorption is so broad 

that the 1.4µ.m water band overlaps w1th it in t.nis spectrum • 

A spectrum of a smithsonite, sample 4506, also s.nows tttese same 

features. The bands occur at slightly higher energies (shorter 

wavelengths) in the smithsonite spectrum than in· tlle calcite spectrum, 

being centered 
-1 

near ::::8300cm (1.2µ.m) -1 
and 19,200cm (0.52µ.m). The 

shoulder on the band in the smithsonite spectrum is more pronouncea. 

2+ 
The tact that the Co bands occur at shorter wavelengttts in the smith-

soni te spectrum than in the calcite spectrum is comparable to t.ne 

changes in positions of iron bands outlined in Chapter 4. The smaller 

~O bond 1 ength in smithsoni te means the transitions in tlle Co
2

+ ions 

will occur at higher energies than for Co
2

+ ions in tlle calcite lattice • 

2+ 
Absorption bands due to Ni occur in a magnesite spectrum shown in 

Figure 5.18. Ni
2+ has a 3d

8 
configuration, and in octahedral coordina-

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

2+ 
Octahedral complexes of Ni have tllree spin-allowed transitions from 
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the 
3 ~g ground state to triplet excited states w1th symmetries of 

3
T2 g' 

3 3 
T

1
g (I), and Tlg (II) (Ferguson .tl .I!., 1963; Solomon and Ballhausen, 

2+ 3 
1975). Ni in aqueous solution shows a double band for t.he T1 g (I) 

-1 
transition centered near 6600cm split by spin-orbit coupling (Solomon 

and Ballhausen, 1975). 

The spectrum of the magnesite, sample 2507, illustrated in Figure 

S .18 shows these same features. Spart spectrometry indicates that t.he 

sample contains nickel, but no detectable amounts of other transition 

metal cations. There are three strong absorptions centered near 8UOO, 

-1 
14,000, and 24,000cm (1.25, 0.70, and 0.42µm, respectively). The bana 

-1 
near 14,000cm (0.70µm) is double, with lobes centered near 13,200 ana 

-1 
14 ,600cm • 

FUTU KE WORK 

It is clear that the wort presented here on changes in spectral 

properties of carbonates with changes in chemical compositions has only 

scratched the surface. 

As mentioned above, the chemistry of dolomites varies considerably, 

and wide variations in Ca, Mg, Fe, and Mn content have been observed. 

These complexities are too great to be outl1ned by the eight samples 

studied here. Acquiring samples which contain no water and which are, 

preterably, unweathered is a slow process. Analyzing t.b.eir spectra is 

even slower, and many years of wort will be required to outl1ne all the 

permutations in chemical composition and t.11eir attendant changes in 

spectral properties • 

It has become clear in this study that reflectance spectroscopy is 

sensitive to the presence of of a number of cations, including Ni, Co, 

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

recent years. Analyses of carbonate minerals and rocks tend to be 
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limited to Ca. Mg. Fe. and Mn. with recent increases in interest in Sr 

and Zn (e.g. Kinsman. 1968; Land, 1980; Pingitore, 1978). Other ele

ments are largely ignored so there is little data available on them in 

the literature. Studies of solid solution behaviour of Ni. Co. and Cu 

in carbonate minerals are scarce (Goldsmith, 1983). It is clear that 

minor quantities of transition metal cations can produce absorption 

features in carbonate spectra. Future spectral studies of carbonate 

minerals will have to be accompanied by complete analyses for Ca. Mg. 

Fe. Mn. Cu. Ni. Co. Ca. Zn. Sr. Ba. and Pb. Ibis involves another very 

lo!li-term effort. 
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Absorptioa Feat.res Dae to Water 

INTRODUCTION 

It became clear early in this study that water, in one form or 

another, is nearly ubiquitous in carbonate rocks and minerals. It 

proved difficult to find enough water-free samples to do the mineralogi

cal and chemical work. Dry aragonites and magnesites proved especially 

difficult to acquire • 

Since water is so widespread in carbonate samples, it was necessary 

to include it as an additional phase, alang with the other mineral 

phases already discussed • And because carbonate minerals seemed to 

occur in association with water much more commonly than they did with 

other carbon& te minerals, it seemed appropriate to give studies of 

carbonate-water mixtures higher priority than studies of carbonate

carbonate mixtures. 

This chapter will illustrate absorption features due to OH- and 

liquid and bound H
2

o, will show how these features 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 in the NIR and MIR caused by water are due to 

vibrational processes of the H2o molecule. Water has three fundamental 

vibrational modes, all of which are infrared active: 

ul - =2.90µm, symmetric stretch 

U2 - :::::6 .OOµm, bend 

U3 - =3.llµm, antisymmetric stretch 

Al though these fundamentals are centered out side the 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, OH , has one fundamental stretching mode, which 

is infrared active and occurs near 2.7Sµm (Hunt, 1977). 

Liquid water has two strong absorption bands in the VIS and NIR, 

one near 1.4µm and one near 1.9µm (Bayly et al., 1963; Hunt and Sal is-

bury, 1970; Curcio and Petty, 1951). Weaker bands occur at approxi-

mately 0.76, 0.97, 1.19, and 1.80µm (Bayly et al., 1963; Petty and Cur-

cio, 1951). The positions of these bands, and a few of the assignments 

given for them in the literature are listed in Table 6.1. 

Positions and shapes 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 carbonate minerals such as monohy-

drocalcite (CaC03.H-O) i 1 i 1 i . h b -z or n c ay m nera s occurr ng w1 t car ona te 

minerals in argillaceous limestones and dolostones. 

Hydroxyl ions (OH-) may also be present in clays such as kaolinite, 

or in carbonate minerals such as hydrozincite (Zn5 Cco
3

J2 COHJ 6> and 

hydrocerussite (Pb3 Cco
3

J
2

COHJ
2

) (Chemical formulas are as given in 

Fleischer, 1980). 
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Figure 6 .1 shows spectra of several of these different water- and 

hydroxyl-containing phases, as well as the spectrum of a powdered sample 

of an Iceland spar (the pan fraction of sample 1531 whose spectrum is 

shown in Figure 3.8) mixed with enough water to give the sample the con

sistency of library paste. 

The kaolinite spectrum (kaolinite purchased from Baker Chemical 

Company) shows features due to the hydroxyl ion. The strong, sharp band 

near 1.4µm is due to the first overtone of the OH stretching mode (2('oH> 

(Hunt and Salisbury, 1970); the band near 2 .2µm is due to combinations 

of lattice modes with the OH stretch (Hunt and Salisbury, 1970; Whitney 

ll .!.!·, 1983). The strong band centered near 2 .2 to 2 .3µm is charac

teristic of hydroxyl-containing minerals, and is probably due to combi

nations of lattice modes with the OH stretch (Hunt, 1977). In addition 

to this strong feature, spectra of minerals containing hydroxyl ions may 

also show a number of weaker bands between 2.0 and 2.6µm (Mara and Suth

erland, 1953; Hunt and Salisbury, 1970; Whitney.!! al., 1983). Hydroxyl 

ions will not produce the 1.9µm feature because it contains the HOH 

bending mode • 

Spectra of other OH-containing phases including amphiboles <Hunt 

and Salisbury, 1970), chlorites <Hunt and Salisbury, 1970), muscovite 

(Adams, 1975; Bunt, 1977; Whitney .t! al., 1983) brucite (Mara and Suth

erland, 1953), azurite (Andersen, 1978) and Ca(OH> 2 (see Chapter 7) all 

show these same features. The exact positions of these features depends 

on the cation the OH- is directly attached to (~·K· whether H, Si, Al, 

or Mg) and on the site it occupies in the cry st al structure (Bunt, 

1977). Cll groups may be located in several different sites within the 

same material, resulting in several bands appearing in the same spec

trum, all due to overtones and combination tones of the OH stretching 
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• 

Hunt and Salisbury (1970) l.4µm 2(/3 • 1.9 (/2+(/3 

Curcio and Petty (1951) 0.76µm 

0.845 

• 0.97 

1.19 

1.45 

1.94 

• Bayly et al. (1963) 0.749µm 3(/1 +(/3 
0.880 2(/1 +(/2 +(/3 

or (/2+3<13 
0.981 Z(/1 +(/3 

• 1.210 (/1 +(/2 +(/3 
1.449 2(/3 

or (/1 +(/3 
or 2<12+<!3 

1.787 (/2 +(/3 +(/L • 1.934 (/2 +(/3 

Ceccaldi et al. (1956) 0.763µm 4(/3 

or (/1 +3(/2 

• 0.855 (/2 +3(/3 
0.971 3(/3 

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

1.190 (/1 +(/2 +(/3 • or (/2 +2(/3 
1.449 2(/3 

or 2(/2 +(/3 
1. 789 (/2 +(/3 +(/L 

• 1. 790 (/1 +(/3 
1.923 (/2 +(/3 

Table 6.1 Positions of absorptions due to liquid water in the NIR, and 

• some of the band assignments given for them in the literature • 
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Figure 6.1 Spectra of samples containing liquid and bound water and 
hydroxyl ions • 
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mode (Hunt and Ashley, 1979). Hunt (1977) and Hunt and Ashley (1979) 

show spectra which illustrate the changes in numbers and positions of OH 

bands with differences in mineralogy. 

1he spectrum of the wet Iceland spar shows features due to liquid 

water and is shown with spectra of other water- and hydroxyl-containing 

species (Figure 6.1). Note that all spectra in this figure, including 

the kaolinite spectrum, show the weak 1.80µm feature, indicating that it 

is probably an overtone of the OH stretching mode, or a combination of 

OH stretch and lattice modes. 

1he spectrum of montmotillonite illustrates features typical of 

molecular water bound in interlayer clay sites (Hunt and Salisbury, 

1970; Singer, 1981) - features near 1.4 and 1.9µm. Note that the 2.2µ.m 

feature due to OH is also present, and that the overtone of the OH 

stretch also contributes to the 1.4µm feature (Singer, 1981). 1his 

montmorillonite was purchased from Wards and seived to remove sticks and 

leaves. 

Comparison of these three spectra shows that absorption features 

due to water bound in clays are sharper and narrower and occur at 

shorter wavelengths than equivalent bands in liquid water spectra. 1he 

OH band at 1.4µm is also sharper and narrower and occurs at shorter 

wavelengths than the 1.4µ.m band in liquid water spectra, and in spectra 

of minerals containing only OH , the 1.9µ.m is absent. On the other hand 

the strong OH band in the 2.2 to 2.3µm region is absent in the liquid 

water spectrum • 

Spectra of skeletal carbonates contain strong water bands. A spec

trum of a coral skeleton is included in Figure 6.1. This specimen 

belongs to the genus Montipora and was collected from a patch reef in 

Kaneohe Bay on the windward coast of Oahu. Comparison of the water 

- 144 -



bands in this spectrum with the bands in the two clay spectra and in the 

wet Iceland spar spectrum indicate that they most closely resemble those 

of liquid water in shape and position. In addition X-ray diffraction 

analysis indicates this sample is composed entirely of aragonite. This 

would indicate the water is present in the form of fluid inclusions, 

rather than as bound water or OB • 

Inflections in the curve near 2 .3 and 2 .Sµm are the carbonate 

bands, partially masked by water bands. The drop-off in the curve at 

longer wavelengths is caused by the wings of the two strong fundamental 

bands centered near 2.9µm. 

Although the wet Iceland spar sample was less than half water, the 

water bands dominate the spectrum. This is due to the fact that the 

water bands in this region are sums of two fundamental modes (see Table 

6.1), while the carbonate bands are three and four (see Table 3.5). The 

intensities of vibrational absorption bands are proportional to the 

number of molecules existing 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-phonon processes which 

are still ten times weaker than the classical one-phonon processes." (A 

phonon is a quantum of vibrational energy.) 

Figure 6.2 shows spectra of calcite, water (because 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 spec

tra of calcite plus water, one a physical mixture, the other a computer 

"mix" made by averaging the milky quartz and dry calcite spectra 

together. Both calcite+water spectra show the same features. 

Figure 6 .3 shows spectra of montmorilloni te, the pan fraction of 

the Iceland spar discussed above, and mixtures of the two. In the 
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Figure 6.2 Spectra of calcite, milky quartz, wet calcite, and a com
puter average of the calcite and milky quartz spectra, showing that the 
physical mixture and computer mixture have essentially the same spectral 
features. 
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Figure 6.3 Spectra of calcite (pan fraction, sample #1531), montmoril
lonite, and mixtures of the two • 
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Figure 6 .4 Spectra of two clay carbonate mi:ittures made with a coarse 
fraction of calcite (180 - 3SSµm fraction, sample #1531) • 
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spectrum of a mixture of carbonate and clay in a ratio of ten to one by 

volume the two sharp clay bands at 1.4 and 1.9µm of the montmorillonite 

spectrum can be seen. The 1.9µm clay band masks the two carbonate 

bands at ~1.88 and 1.99µm. However, the stronger carbonate bands at 2.3 

and 2.5µm are visible. The 2.2µm clay band causes an inflection in the 

curve in this region. 

In the spectrum of a mixture of equal volumes of calcite and clay, 

the composition of a marl, the spectrum is dominated by the clay 

features. The 2 .3 and 2.5µm bands cause only a weak inflection in the 

curve. 

Another factor governing the relative intensities of clay and car

bonate bands are the relative grain sizes of the carbonate and clay 

fractions. Figure 6.4 shows the spectrum of a 50:50 mixture of 

montmorillonite and the 180-355µm fraction of the Iceland spar (sample 

#1531). Here the coarse 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 al so shown. Again, both the clay and carbonate bands 

give intense absorption features • 

These spectra serve to illustrate the difficulties of using rela

tive band intensities to determine precisely the amount of of different 

mineral phases present in a mixture. Clark and Lucey (1984) discuss 

this problem in terms of geometric optics, and offer possible mathemati

cal solutions to the problem. • 
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WATER BANDS IN ROCK SPECTRA 

Figures 6.5 and 6.7 show examples of argillaceous and non

argilaceous limestones and dolostones. 

Figure 6 .5 shows spectra of rocks which X-ray diffraction analysis 

and examination in thin section indicate contain no clays. 10529a and b 

are spectra of an aragonite and calcite, respectively. These two sam

ples, obtained from the Geology Department at the University of Iowa, 

formed two different layers in a cave deposit from Lead Caves, Dubuque, 

Iowa. These spectra have the strongest water bands of any non-biogenic 

carbonates studied thus far. The slight difference in band position for 

the 2.5µm band in these two spectra reflects the difference in mineral

ogy. 

Figure 6.6a and b show photaaicrographs of sample 10529a. In Fig

ure 6.6b the fluid inclusions which occur within and between the fibrous 

aragonite crystals can be seen. Comparison of the spectrum of this sam

ple with that of the coral Montipora shown in Figure 6.1 shows that the 

spectral properties of the biogenic and non-biogenic aragonites are very 

similar. This supports the conclusion that the water bands in the coral 

spectrum are due to aqueous fluid inclusions, al though the individual 

inclusions themselves are too small to be seen with petrographic micro

scope or SEM. 

The third spectrum was obtained from a micrite from the Devonian 

Cedar Valley Limestone, from Mitchell County, Iowa. 

CL-52 is an oolite from the Mississippian Lodgepole Formation in 

central Montana. BC-11 is an encrinite obtained from the same unit. 

CL-17 is a dolomite, also from the Lodgepole. This rock was origi

nally a wackestone. The mud matrix was dolomitizied, and the remaining 

skeletal debris was removed leaving voids (Jenks, 1972). 
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Figure 6 .5 Spectra of 1 imestone s and dolostones containing aqueous 
fluid inclusions • 
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Figure 6 .S continued. Spectra of limestones and dolostones containing 
aqueous fluid inclusions • 
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Figure 6.6a Photcaicrograph of 1 .. ple 10529a, an aragonitic cave depo
sit. Magnification 40X 
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Figure 6.6b Photc:aicrograph of sample 10S29a, an aragonitic cave depo
sit showing aqueous fluid inclusions. Enlarged view of bright layer in 
center of preceding photograph. Magnification 640X 
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Figure 6.7 Spectra of argillaceous carbonates • 
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Figure 6.8 Photamicrograph of Bellows Field eolianite showing ~eamor
phosed skeletal grains. Jfaanification 40X 
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The Gower Formation is a Silurian dolomite which outcrops in 

eastern Iowa. This sample was taken from the Anamosa Facies a tidal 

flat sequence from which much building stone is quarried (Philcox, 

1972) • 

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

from Wards. 

Although spectra of all these samples contain water bands, the 

bands generally are not strong, the cave deposits being the only exceir 

tion. Although problems mentioned above may preclude precise determina

tion of water content from spectra, theie 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 near 2.3 and 2.5µ.m can 

still be used to distinguish calcite from dolomite. 

Figure 6.7 shows spectra of rocks containing some clay. The 

Niobrara Chalk is Cretaceous in age <Hattin, 1981). The sample from 

which the spectrum was obtained was collected in Scott County, Kansas. 

The sample is orange (10 YR 7/4) in color and examination with SEM shows 

it to be composed of coccol iths which have undergone some dissolution 

and roprecipitation, and clay. The rock is :::1°" by weight insoluble 

residues. The sharp bands at 1.4µ.m and 1.9µ.m are due to clay. There is 

undoubtedly some contribution to water bands by liquid water in the coc

col iths, as spectra of coccolith oozes indicate that coccoliths do con

tain some fluid inclusions (see Chapter 8). The spectrum also shows 

absorption features which occur near 0.45, 0.62, and 0.97µ.m. Hunt and 

Ashley (1979) and Singer (1981) found that iron oxides have absorption 

bands in these regions, and the iron oxides which give the rock its 

orange color undoubtedly cause these absorption bands • 
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The second rock spectrum shown was obtained from a sample of dune 

rock collected from the Waimanalo Quarry on Oahu, dug in the Pleistocene 

Bellows Field Formation (Lmn and Stearns, 1970). Note that al though 

these rock.a contain clay formed by weathering of volcaniclastic grains 

(the non-carbonate fraction comprises (::::S._ of the rock by weight) and 

the carbonate fraction was originally composed of skeletal material. the 

water bands are relatively weak compared to the carbonate bands. There 

are probably two reasons for this, both related to diagenetic alteration 

of the rock. X-ray diffraction analysis shows the carbonate fraction is 

composed primarily of low Mg calcite. Skeletal debris originally form

ing the dune sand has been largely recrystallized with attendant loss of 

fluid incl uaions (see Chapter 8). In addition, the solution and repre

cipi tation of th6 carbonate fraction has resulted in an increase in cry

stal size of the carbonate, and thus an increase in the optical pa th 

length through the carbonate fraction. increasing the intend ty of the 

carbonate 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 nearly all carbonate rocks. Thus, if clay is present, absorp

tion features due to clays are superimposed on those due to liquid 

water. In the 1.9µm region this is further complicated by the presence 

of two carbonate bands in the spectra. Variations in intensities of all 

these bands due to variations in abundance of these phases, or due to 

variations in crystal or inclusion size, will cause apparent shifts of 

absorption features in this region. Band shape will no doubt be an 
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important factor in detemining the composition of a rock. It is hoped 

that at some future time it will become possible to deconvolve these 

spectra into their component parts of carbonate. water and clay. Work 

done by Pamela Blake (1983) in using the LOWTRAN model to make correc

tions for absorptions due to a t:mospheric water in remotely sensed data 

show that the potential exists for such a solution • 

- 1S9 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

<JIAPl'ER 7 

Hydrous Carbonate Minerals 

As discussed in t.n.e preceding chapter, Hunt and Salisbury 

(1970), Hunt (1977), and others have s.n.own t.n.at t.n.e nwnber, positions, 

and shapes ot water banas in spectra can be used to discriminate between 

water and hydroxyl ions bound in clays. These relationships between 

spectral properties and the state of H
2
o ana OH in compounds \'111 be 

used to examine some nydrated carbonate phases. 

Figure 7 .1 shows spectra of four water- ana hydroxyl-containing 

compounds. 

The tirst spectrum is of a reagent grade chemical wnich was labeled 

Ca(OH) 
2

• This spectrum was obtained wit.b. t.n.e Perkin-Elmer 330. X-ray 

diffraction indicates it is composed ot Portlanaite (Ca[OHJ
2

> and ca.L

eite. The ratio of the intensity of t.n.e major portlanaite peak (2.63) 

to that ot" the the calcite major peak (3.035) is 10.6. All d-spacings 

are given in Angstroms. The relationship between intensities ot reflec

tion peaks due to different components in mineral mixtures and t.n.e con

centration ot" these components in the mixture is not linear, but depends 

on such factors as grain size and shape, degree of crystal perfection, 
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ana mass absorption coefficients (Nuffield, 1966). These ratios of peak 

intensities are only intended to give a qualitative picture ot the 

degree of contamination. 

This tirst spectrum shows the sharp 1.4µm bana ana the lack ot a 

strong 1.9µm feature characteristic of OH bearing species • 

The second spectrum (2503) is of a sample ot a Baker Analyzed 

Reagent labeled 4MgC03"Mg(OH) 2 .nH2 o. X-ray diffraction analysis inai-

cates that it is indeed hydromagnesite (Mg
5

Cco
3

J
4

COHJ
2

.4H
2

o>. The spec

trum shows two broad absorptions near 1.4 and 1.9µm. The 1.4µm bana has 

a sharp point due to the presence of a sharp OH bana superimposed on the 

broader feature due to bound H2 o. 

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

lead carbonate, PbC0
3

• X-ray diffraction analysis indicates the sample 

is composed of cerussite (PbC03 ) and hydrocerussite (Pb
3

Cco
3

J
2

COHl
2

>. 

The ratio of the intensities of the two maj~r peaks, (hydrocerussite, 

2.62, cerussite, 3.59) is :::2.8. This spectrum was taken with the Beck

man DK-2A and appears brighter than other spectra used in t.11is study 

because MgO was used as a standard, rather than Halon. This spectrum 

shows the sharp l.4µm band characteristic of hydroxyl bearing compounds • 

It al so shows a broad feature near l .9µm and two features of appro:z:i

mately equal intensity near :::2.30 and 2.45µm. The spectrum of cerus

site, shown in Chapter 4, has one strong absorption at 2.Sµm (carbonate 

band 2), and weaker absorptions (bands 3 to 7) shortward of this. The 

2.45µm feature here is probably this carbonate bana 2. The 2 .3µm 

feature is probably an OH stretch similar to that observed in clay spec

tra. Although the spectrum is quite noisy the 1.9µm band appears to be 

centered at longer wavelengths than the same band in spectra of liquid 

water, and so is not due to liquid water in fluid inclusions. In addi

tion there appears to be a weak 1.4µm band which is partially masked by 

the OH band • 
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The last spectrum is of another Baker Analyzed Reagent labeled zinc 

carbonate. X-ray diffraction analysis indicates the sample is composed 

entirely of hydroz incite. The formula for hydroz incite is 

Zn
5

CC0
3

)
2

COH)
6 

(Hurlbut and Klein, 1977). The spectrum of this sample 

has two broad features near 1.4 and l.9µm. As in the hydromagne site 

spectrum the 1.4µm band has a sharp OH bana superimposed on a broad H
2
o 

band. It also has a double band near 2.4µm. 

These results have three major implications. First, both H
2

0 ana 

OH occur in hydrozincite, rather than just OH, as previously supposed. 

The same is probably true of hydrocerussite, although it would appear to 

contain less water than hydrozincite. 

Second, while absorption bands due to water in clays occur at 

longer wavelengths and are narrower than those in l1quid water, H
2
o 

bands in hydrated carbonate phases are broader and occur at longer 

wavelengths than equivalent bands in liquid water spectra. 

Third, reagent grade chemicals are 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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CllAPl'ER 8 

Aqueous Flud Iacl•aiona ia 

Sk8letal .. terial 

INTRODUCTION 

As was seen in Chapter 6, water is a strong absorber in this spec

tral region and produces strong absorption features near 1.4 and 1.9µm, 

plus a number of weaker features. Hunt and Salisbury (1971, 1976) found 

water bands in some of their carbonate mineral and rock spectra which 

they attributed to the presence of microscopic fluid inclusions. It was 

found in this study that aqueous fluid inclusions are nearly ubiquitous 

in carbonate rocks and minerals, and are particularly abundant in skele

tal material. The widespread occurrence of these inclusions was previ

ously unsuspected, as previous studies were confined to those done with 

petrographic microscope (Roedder, 1979), and more recently with 

transmission electron microscopy (TEM). 

Studies by Conger .!.! A!· (1977) and Green .!.! al. (1980) of 

electron-transparent foils of coral skeletons, bivalve shells, and 

foraminifera tests show they contain "organic" inclusions within and 

between crystals making up the skeleton. In fusulinid tests, voids 

between crystals range from about 1000 to less than 50 Angstroms in 

size, while the intra-granular voids have diameters of 100 Angstrans or 
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less (Green .!! .!J.., 1980). Bathurst (1971) notes that stromatoporoid 

and echinoderm skeletons have a dusty appearance due to tho presence of 

inclusions. It is probable that these same inclusions produce the 

absorptions in the reflectance spectrum of a coral skeleton shown in 

Chapter 6.1, and in the spectra of other skeletal material shown in this 

chapter. 

The widespread occurrence of these inclusions has important impli-

cations for the diagenesis of skeletal material. It is generally 

believed that all reactions within carbonate systems involve a liquid 

phase, even if it is only a microscopic film of water (Folk, 1965). The 

fluid inclusions in skeletal material can serve as a medium of reaction 

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 MODERN SKELETAL MATERIAL 

Abundance of aqueous fluid inclusions in carbonate skeletal 

material varies from one type of organism to another. Figures 8.1, 8.2, 

and 8 .3 show spectra of skol et al material from a variety of carbonate 

secreting organisms, grouped according to skeletal mineralogy. . Figure 

8 .1 shows spectra of skeletons of organisms which secrete aragoni te, 

Figure 8.2 low Mg calcite, and Figure 8.3 high Mg calcite. The coral 

Porites, the scaphopod Dentallium, the echinoid Echipometra, the gastro

pod Conus, and the coralline red algae are all indigenous to Hawaii 

(Fielding, 1979; Kay, 1979; Maragos, 1977) • 

As these spectra show, the amount of fluid inclusions varies from 

one type of organism to another. Relative intensities of water and car

bonate bands can give a semiquantitative estimate of the amount of water 

0 present in a sample. Beating of skeletal material to 1000 for one half 
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Figure 8.1 Spectra of aragonitic skeletal material. 
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hour and measuring the amount of water evolved indicates corals and 

coralline red algae contain 2-3' water by weight. In general. skeletons 

of low Mg calcite seem to contain less water than those composed of ara

goni te or calcite. Shape and position of water bands in coccol ith and 

planktonic foram spectra indicate some clay is present in these samples. 

Despite this, water bands in these spectra are weaker relative to the 

carbonate bands than in any other spectra of skeletal material studied 

here • 

Limited data are available on variations in amounts of fluid inclu

sions in skeletons of individuals belonging to the same taxonomic group. 

In spectra of three different samples of Echinometra shapes. relative 

intensities. and positions of water bands are very similar. All spectra 

of skeletons of Scleractinian corals are also very similar. These 

include representatives of four different genera: Porites, Montipora, 

Pocillopora, and Fungia. The molluscs, on the other hand. show some 

variation. As Figure 8.4 shows, the lamellar and vesicular layers from 

a Crassostrea shell contain different amounts of fluid inclusions. as 

shown by the intensities of the water bands relative to the carbonate 

bands in their spectra. 

When crystals grow in a fluid medium, any process that interferes 

with the growth of a perfect crystal can cause trapping of primary 

inclusions (Roedder. 1981). Roedder (1981) notes that rapid crystal 

growth can result in a porous, dendritic structure, whereas slower 

growth forms solid. impervious layers. Differences in fluid inclusion 

content among different organisms may reflect differences in rate of 

shell growth. Another possible cause of differences in inclusion con

tent between different organisms may be differences in mechanisms by 

which skeletons and shells are built • 
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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 are similar in shape and position to those produced 

by liquid water. 

liquid form. 

Thus the water in coral skeletons is probably in 

Results of spectral studies reflect the extremely small size of 

many of these inclusions. In the course of this study, spectra were 

taken of both whole and powdered skeletal material of a modern coral. 

Figure 8.5 shows a ln-ln plot of the spectra of a whole Montipora skele

ton collected from a reef on the north shore or ·oahu and bleached in 

H
2

o
2

, and a powdered sample of the same skeleton, ground and then 

bleached a second time. The plot forms essentially a straight line. As 

discussed in Chapter 3, this indicates that the relative intensities of 

absorption bands within the two spectra are the same, and that therefore 

the fluid inclusion content of the two samples is essentially the same. 

Grinding and bleaching the sample did not significantly alter its fluid 

inclusion content. This means that the inclusions are very small even 

in comparison with the grains of the powdered sample, and that after 

grinding, a substantial nmiber rem~in. 

It al so means that, to a first order approximation, grinding and 

subjecting samples to a second bleaching treatment is unnecessary, as 

the spectral properties of the whole samples do not vary significantly 

from those of the powdered ones. Once the living tissue of the animal 

or plant has been removed, further treatment will not substantially 

alter the spectral properties of the sample. In fact, additional 

bleaching, in H2o2 may be undesirable, as it is acid and might etch the 

sample, increasing its ·surface area and therefore the amount of water 

which is adsorbed on its surface. Detailed studies of etched and 
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unetched samples will be needed to determine if carbonates can adsorb 

quantities of water large enough to add features to their spectra. 

It may be that not all water in skeletal material is present as 

fluid inclusions. Close examination of the plots in Figures 8.1, 8.2, 

and 8 .3 indicate that water bands in spectra of skeletal material vary 

in shape and position indicating water may occur in other forms. 

Mackenzie et al. ( 1983) summarize the existing experimental ev i

dence for the presence of hydroxyl groups or water in high Mg calcites, 

and presents transmission data in the MIR which indicate that OH or H2o 

is present and is associated with the MgC03 • However, they note that it 

is not possible to determine whether the phase present is OH or H2o. 

The fact that NIR spectra of high Mg calcites have a strong 1.9µm 

band indicates the phase present is H2o rather than OH. Water bands in 

spectra of skeletons composed of high Mg calcite are broader and occur 

at slightly longer wavelengths than those in spectra of skeletal 

material composed of aragonite and low Mg calcite. As was seen in 

Chapter 7, water bands due to bound water in in hydrated carbonate 

minerals are broader and occur at longer wavelengths than those in 

liquid water. Thus, some of the water in skeletal material of echinoids 

and coralline red algae may be in the form of water of hydration. 

X-ray diffraction work shows that some skeletal material of red 

algae contains Mg in the form of bruci te (Mg [OH 12) rather than as Mg 

calcite (Schmalz, 1965; Weber and Kaufman, 1965). There is no clear 

indication of features due to Mg(OH> 2 in the spectra shown here. How

ever, spectra of all the high Mg calcites were taken on the University 

of Hawaii spectrometer. An instrument with greater spectral resolution 

than this one might allow detection of some of the features which Mara 

and Sutherland (1957) found are characteristic of brucite spectra in the 

2.0 to 2.5µm region • 
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LOSS OF FLUID INCLUSIONS DURING DIAGENFSIS 

Spectral studies indicate diagenetic processes alter the fluid 

incl us ion content of skeletal material. Figure 8. 6 shows spectra of a 

fossil Porites skeleton collected at a depth of ::::15 meters from a core 

taken in a Pleistocene reef near Barbers Point on Oahu. X-ray diffrac

tion analysis shows that the fossil skeleton has been altered to low Mg 

calcite. In thin section it can be seen that the coral has been altered 

to coarse. blocky calcite spar. Figure 8 .6 al so shows spectra of two 

Pleistocene encrusting coralline red algae. Again. X-ray diffraction 

indicates the fossil algae have been altered to low-Mg calcite. Spectra 

of these samples may be compared to those of the modern coral and modern 

coralline algae shown in Figures 8.1 and 8.2. Such comparison shows 

that in both cases. the coral and the coralline algae. the change in 

mineralogy has been accompanied by a loss of fluid inclusions. as indi

cated by a decrease in the intensity of the water bands relative to the 

carbonate bands in their spectra. Analysis for water as described above 

indicates the amount of water has dropped to a few tenths of a per cent 

by weight in the fossil material. The loss of water accompanying the 

change from high to low Mg calcite indicates that the water in these 

calcites is associated with the MgC0
3 

component. as suggested by McKen

zie. et.!.!· (1983), and others. 

Shapes of water bands may provide additional evidence for the asso

ciation of B2o with the MgC0
3 

phase in high Mg calcites. Figure 8.7 

shows spectra of the modern and fossil coralline red algae plotted 

together so that they may be more easily compared. Note that not only 

the relative intensities. but also the shapes of the water bands have 

changed in the spectrum of the fossil alga. The bulges on the long 

wavelength sides of the 1.4 and l.9µm 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. 

When neomorphic calcite spar replaces original aragonitic skeletal 

material, relict skeletal aragonite crystals remain as solid inclusions 

constituting a few per cent, by volume, of the rock (Sandberg, 1975; 

Sandberg .ll .!!·, 1973; Sandberg and Hudson, 1983). Scanning electron 

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). Al though the replacement spar undoubtedly 

contains some inclusions it may be that these relict aragonite crystals 

now contain the bulk of the 1 iquid water which causes the absorption 

bands observed. 

Limited laboratory data also illustrates the loss of fluid inclu

sions with change in skeletal mineralogy. Figure 8.9 shows spectra of 

powdered samples of a coral skeleton before heating and after the sample 

had 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 1.9µm water bands relative to 

the carbonate bands, and by the disappearance of the 0.92 and l.20µm 

water bands, the amount of water in the sample has decreased. I-ray 

diffraction analysis of the heated samples indicate they have been par

tially altered to calcite. At one atmosphere of pressure dry aragonite 

spontaneously alters to calcite at temperatures of 400°c or higher (Deer 

.t! .!!·, 1962). Undoubtedly 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 m.ineralogy is accompanied by loss of fluid inclusions. 

These three spectra are of core samples from DSDP site 289 on the Ontong 

Java Plateau. The samples are 0.7, 28, and 57.7 million years old, 
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Figure 8.6 Spectra of fossil coral and coralline algae which have been 
altered to low Mg calcite • 
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Figure 8. 8 SEM photo of etched surface of fossil coral showing relict 
aragonite crystals. Magnification 3000X • 
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Figure 8.9 Spectra of powdered coral skeleton before and after heating • 
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chalk-limestone transition in deep sea carbonates • 
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respectively (Andrews ..!!. .!.!·, 1975) and show the loss of fluid inclu

sions during the solution and reprecipitation of calcite accompanying 

the ooze-chalk-limestone transition. These samples are all composed of 

similar proportions of coccoliths and forams (Andrews ..!1 .!.!., 1975), so 

the differences in relative band intensities can't be attributed to tax

onomic differences. Tho change in fluid inclusion content is reflected 

in the change in relative intensities of the water and carbonate bands. 

Calcareous oozes are composed almost entirely of coccoliths and test of 

planktonic 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 on other calcite grains 

(Schlanger and Douglas, 1974). Manghnani ..!1 .!.!· (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. 

Increase in the absolute intensities of carbonate bands also accom

panies this change. This reflects the coarsening of crystals within the 

rock as a result of solution and roprecipitation. This increase in 

intonsi ty 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 suite of unground DSDP 

samples from the same drilling site will give a more detailed picture of 

this type of alteration. 

Spectra in Figure 8.11 show that where skeletal material has not 

been altered, the fluid inclusion content remains unchanged. Tho Creta

ceous ammoni te whoso spectrum is shown is still composed of aragoni te. 

The Pleistocene oyster Chama (Kay, 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 modern oysters. In 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 modern and 

fossil material. Thus, fluid inclusion content is potentially a useful 

tool for determining whether skeletal material is primary, or has under

gone alteration. 

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 alga from the same raised Pleistocene reef as 

the oysters discussed above. Thia reef grew during the last intergla

cial during a time when sea level was higher than at present (Stearns, 

1974, 1978), and since that time has been exposed in the vadose environ

ment. The second spectrum was taken from a sample collected from a 

depth of 15m from the same core as the fossil Porites. Petrographic 

evidence indicates these samples have undergone diagenesis in the fresh 

water phreatic environment. Thus the two samples, altered in different 

enviromnents, 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 another example 

of variations in fluid inclusion content correlated with variations in 

diagenetic enviro1111ent. 

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

in a core drilled by the Hawaii Department of Land and Natural Resources 
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Figure 8 .12 Spectra of three coral samples with different diagenetic 
histories • 
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Figure 8 .13a Photcaicrograph of Pleistocene coral which has undergone 
dissolution. Magnification 40X 
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Figure 8 .13b PhotClllicrograph of Pleistocene coral which has shows 
fabric selective aoaaic characteristic of alteration in the vadose 
environment. Magnification 40X 
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Figure 8 .13c Photmaicrograph of Pleistocene coral which shows coarse 
calcite mosaic characteristic of diage11esia in the phreatic e11Viro11De11t. 
Magnification 40X 
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on the Waimanalo coastal plain. The sample is from the Waimanalo Forma

tion which consists of reef and associated limestones deposited during 

the last Pleistocene high stand of the sea (Lum and Stearns, 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 neomorphic 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 .Sm in the same core. This sample came from the top 

of the Iaena Formation, another 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 in the vadose 

environment. 

The third spectrum in Figure 8.12 is the same as that shown in Fig

ure 8.6. Figure 8.13c is a photcmicrograph of this sample which shows 

that the coral has been altered to coarse spar which displays the 

cross-cutting calcite mosaic characteristic of alteration in the 

phreatic enviro1111ent (Pingitore, 1976). 

Both the second and third spectra show a marked drop in fluid 

inclusion content as a result of their necmorphic 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 

inclusion content may be related to environment 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 fluid inclusions 

require that inclusions be 1 - 2µm in diameter. and the best material 

for such studies comes from large. well-formed crystals (Roedder. 1979). 

Roedder (1979) concluded that most enviroments of sedimentary 

diagenesis recorded by these fluid inclusions involve the presence of 

hot. saline brines. Reflectance spectroscopy can't provide the detailed 

information on the chemistry and phase relationships of aqueous inclu

sions which can be determined by optical and other techniques. However. 

it provides a technique for acquiring some information on formation and 

loss of aqueous fluid inclusions in materials which are too fine-grained 

to be analyzed by these other techniques. and will allow information to 

be obtained on near-surface diagenetic processes which do not form 

large. well-formed crystals. 

Thus the presence and relative abundances of fluid inclusions are 

. potentially useful diagenetic indicators. and may aid in determining 

whether skeletal material has undergone alteration. It may also be that 

fluid inclusions provide a medium 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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...ote Seaaiag Applicatioaa 

INTRODUCTION 

Reflectance spectroscopy in the VIS and NIR (0.35 to 2 .Sµm) has 

potential applications not only as a laboratory tool, but also as a tool 

for remote sensing (Adams, 1975; Goetz et al., 1982, 1983; Hunt, 1977; 

Hunt and Salisbury, 1970; and others). This chapter will examine the 

types of data on carbonates which it should be possible to obtain 

remotely, and will discuss some of the problems involved in obtaining 

them, and how some of these problems may be overcome. 

When collecting spectral data on rocks exposed at the Earth's sur

face from aircraft or space craft several factors may contribute to the 

spectrum which is obtained. In order to obtain the maximum amount of 

information from remotely sensed 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 atmosphere, 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 areas, and indeed Goetz ..!1 .Al. (1983) state that 

vegetation covers approximately two thirds of the land surface. 

- 190 -



Vegetation often varies from one bedrock unit to another and variation 

in vegetation is a standard tool used in geologic mapping both in the 

field and from aerial photographs (Compton, 1962; Lahee, 1941). Landsat 

imagery, especially sensitive to differences in types of vegetation and 

to symptans 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 be used to 

trace contacts between rock units (Compton, 1962). 

Given that all these components can be identified and isolated in a 

remotely obtained spectrum, how wil 1 the component contributed by cai;

bona te rocks themselves appear? The purpose here is to examine in 

detail the component of the remotely sensed spectrum which results frOlll 

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 

found in the stratigraphic record. Consideration must also be given to 

the effects of exposure in the subaerial euviromnent on petrographic 

characteristics and on spectral properties of carbonate rocks. And 

since strong atmospheric absorptions in the 1.4µm and . l.9µm regions may 

mask spectral data in these regions, it is necessary to consider what 

may be learned about carbonate rocks frOlll the remaining accessible 

regions of the spectrum. Finally, it is necessary to determine what, if 

any, information on carbonate mineralogy and chemistry can be determined 

from existing 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 (Ca003 ) and dolomite (CaMg[Co
3

J
2

> are the most abundant carbonate 

phases encountered. As discussed in Chapter 3, these two minerals can 

readily be distinguished on the basis of their spectral properties. All 

the carbonate bands in dolomite 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. Fe
2

+, which commonly subs ti tut es into both 

calcites and dolomites produces absorption features near l.Oµm. Iron 

bands in 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. 

2+ 2+ 
Absorption features due to Fe and Mn occur in the 0.35 to 1.3µm 

region of the spectrum. Relative intensities of these features reflect 

concentrations of these cations in the mineral species, as was shown in 

Chapter S. 

Blake (1983) states that the three strongest atmospheric absorption 

bands, those centered at 1.4, 1.9 and 2.6µm will reach saturation at sea 

level, and no spectral data can be obtained in these regions. She found 

that in a limestone spectrum measured in the field, tho carbonate bands 

near 2 .3 and 2 .Sµm could be detected. Collins et al. (1981) al so found 

features in IAS data which they attributed to calcite seen in outcrop. 

In addition, Blake (1983) found that in basalt spectra measured in the 

field the l.Oµm feature due to Fo2
+ was detected. Similar crystal field 

bands in carbonate spectra should also be dotectible in remotely sensed 

spectra. Thus the spectral features which are diagnostic of mineralogi-

cal and chemical composition in carbonate rocks can be detected by 

remote sensing techniques • 
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SPECTRAL PROPERTIES OF NOO-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 

inclusions, 3) Clays, 4) Chert, 5) Organics. and 6) Iron sulphides. 

1) Iron Oxides 

Carbonate rocks may contain small amounts of iron oxides. Spectral 

properties of iron oxides have been described by Hunt and Ashley (1979), 

Hunt .!1 al. (1971). Singer (1981, 1982) and others. Typically they 

have absorptions near 0.89, 0.63, 0.45-0.SO and 0.4µm. These absorp-

2+ tions occur in the same region as those due to Mn • and work is under-

way on distinguishing the two. The first spectrlDll in Figure 9.1 is of 

an oolitic 1 imestone which contained pyrite that has been altered to 

iron oxides (Jenks, 1972). This spectrlDll has absorptions near o.so. 
3+ 0.62, and 0.89µm which can be attributed to Fe • 

2) Clay 

Spectral properties of clays are described by Hunt (1977), Hunt and 

Ashley (1979), Hunt and Salisbury (1971), and Hunt (1977). Some of these 

features are illustrated in Chapter 6. Features near 1.4 and 1.9µm will 

be masked by atmospheric water bands. However the features in the 2.2 

to 2.3µm region which are characteristic of clays (Hunt, 1977. and oth-

ers) can be used for mineral identification. The second spectrmn in 

Figure 9.1 is of a clay-carbonate mixture. and shows the 2.3 and 2.Sµm 

bands of calcite as well as the 2.2µm band characteristic of kaolinite. 

3) Liquid water in fluid inclusions 

Results of this study indicate that fluid inclusions occur in 

- 193 -

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

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 strong stretching modes centered 

near 1.9 and 3.0µm can affect spectra in the 2.0 to 2.Sµm 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 due to a hydrated 

silica phase. Because quartz itself does not absorb in this wavelength 

region. very minor amounts of such material would produce features in 

the spectrum. A spectrum of a chert nodule is shown in Figure 9.1. 

Further study will be required to determine if the presence or absence 

of chert. a feature of carbonate rocks which is of importance in strati

graphic and diagenetic studies. can be determined from reflectance spec

tra. 

5) Organics 

Preliminary studies .indicate that organics lower the albedo of car

bonate rocks and give their spectra a general negative slope. Figure 

9.2 contains an illustration • 

6) Iron sulphides 

Pyrite in the form of small sea ttered grains is nearly ubiquitous 

in carbonates rocks {Pettijohn. 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 Montana. 

The pyrite gives the rock spectrum its low albedo and the broad absorp

tion band near 1.0µm. 
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Figure 9 .1 Spectra showing absorption features due to non-carbonate 
phases • 
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EFFECTS OF WEA1HERING 

When carbonate rocks are erpo sed at the Earth' s surface in the 

subaerial enviroment they may be altered. Rocks accessible to remote 

sensing will have been affected by processes acting in the fresh-water 

vadose envirounent. This means the rocks are exposed to fresh water, 

rather than sea water or brines, and 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 enviromnent 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 dissolves co
2 

from the air and frca soils according to 

the reaction 

(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 

CaC03 , 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 carbonates. increased scattering due to 

the decrease in grain size and the increase in porosity will not only 

make the reflectance spectrum of these rock surfaces appear brighter 

than that of fresh rock. it will result in weakening of the absorption 

bands (see Chapter 3) • 

- 196 -



In arid or semiarid enviromnents where evapotranspiration exceeds 

precipitaion, CaC03 dissolved by meteoric waters is not leached away 

from soils, sediments and bedrock, but is redeposited to form calcretes 

(Goudie, 1983). Calcretes are composed primarily of microcrystal line 

low Mg calcite, but may contain silica, allllllina, and manganese and iron 

oxides as well (Goudie, 1983). Their petrologic characteristics are 

markedly different from those of the rocks on which they form (Ara.tel, 

1982; James, 1972; Mul ter and Hoffmeister, 1968; Read, 1974). Figure 

9.2 shows a photograph of a laminar calcrete developed on Pleistocene 

limestone exposed in the Lualualei Valley on the leeward coast of Oahu. 

Staining by iron ooxides make the laminae easily discernable in the pho-

tograph. Arakel (1982), James (1972), Mul ter and Hoffmeister (1968), 

Read (1974), and others describe the petrographic characteristics of 

calcretes. 

Figure 9.3 shows spectra of a 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 Oahu. X-ray diffraction 

analysis shows the dune rock is composed of aragon.ite and high and low 

Mg calcite, as would be expected of an eolianite composed of reef 

derived skeletal debris. The crust is composd of low Mg calcite. The 

spectra reflect the mineralogical and textural differences. The low 

albedo and overall negative slope of the spectrlllll is due to the presence 

of algae which were growing on the surface of the rock. Goudie (1983), 

nappa (1979), Krumbein (1968), and others discuss the role organisms 

may play in calcrete formation. 

Despite these significant changes in texture and composition, the 

rock can still be recognized as a carbonate. However, the spectral pro

perties of the calcrete are not characteristic of the dune rock below. 
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Figure 9.2 Pleistocene dune rock with laminar calcrete formed by weath
ering • 
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Figure 9.3 Spectra of a laminar calcrete and of underlying dune rock. 
Not same sample as that pictured in Figure 9.2 • 
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This example illustrates the magnitude of the differences which may 

exist between spectra of carbonate rocks, and spectra of calcretes 

formed by alteration of those rocks. 

Calcretes should be of particular interest to those doing remote 

sensing work because they tend to from in the arid to semiarid regions 

where lack of vegetation and soil cover allow spectra of rock surface to 

most easily obtained. Also, as Arakel (1982) notes, calcrete formation 

is a rock-facies transgressive phenomenon. The properties of calcretes 

reflect the characteristics of the enviroment in which they form, 

rather than host lithology, and the same calcrete layer may extend 

across different carbonate units • 

Calcretes may also be associated with non-carbonate soils and 

rocks. Although they tend to form as a distinct soil horizon below the 

surface, they may be exposed at the surface as well. They may also take 

the form of calcified soils - structureless soils weakly cemented by 

calcite (Goudie, 1983). Thus the existence of calcretes may add car-

bonate features to the spectral signatures of non-carbonate bedrock. 

Further studies of the spectral properties of calcretes would be of 

considerable value in remote sensing. 

Oxidation will also affect rocks in outcrop. Pettijohn (1975) 

states that pyrite is found in small amounts in almost all carbonate 

rocks, and occurs as small "scattered grains which will oxidize to form 

limonite. Iron-rich dolanites are also unstable (Rosenberg and Foit, 

1979), and al tor to form iron oxides and give dolomites the buff color 

which is commonly used to distinguish dolomites from limestones in the 

3+ 
field (Pettijohn, 1975). Thus features due to Fe should be very com-

mon in carbonate spectra • 
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Organics may be bleached out of rocks in outcrop. This will make 

spectra of these rocks appear brighter than spectra of fresh rock 

(Lahee, 1941). 

Dedolomitization, replacement of dolomite by calcite, may also 

occur in the subaerial enviro1111ent. Although generally considered to be 

of rather limited occurrance (Pettijohn, 1975), Back .!1 ll• ( 1983) 

found that dedolomitization is occurring on a regional scale in the Mis-

sissippian Pahaaapa Limestone, a Madison equivalent, in the Black Hills. 

APPLICATIONS OF SPECTRAL INFORMATION 

Seventy per cent of all stone quarried in the U. s. is 1 imestone. 

In the U. S. 9130lbs. of stone and 820lbs of cement are used each year 

for each citizen (Henrie and Block, 1979). 

For many industrial and chemical applications limestones and dolo-

stones of high mineralogical 0.95" calcite in limestone, 2.97' dolomite 

in dolostones) and chemical purity are required. Knowledge of the clay 

content of limestones is important for manufacture of Portland cement. 

2+ 
The sensitivity of reflectance spectroscopy to the presennce of Fe , 

iron oxides, and clays should make it possible to evaluate 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 carbonate rocks are generally con-

trolled by diagenetic rather than depositional processes, as diagenetic 

processes such as compaction, cementation, and dolomitization are crea-

tors and destroyers of porosity (Longman, 1981). Information on 

mineralogy and minor element chemistry of carbonate sequences 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. 

SPECI'RAL INFORMATION OBTAINABLE FROM EXISTING DATA SETS 

Features in reflectance spectra of carbonates which are diagnostic 

of mineralogy and chemical composition fall within the terrestrial 

atmospheric windows, and therefore can be of use in remote sensing stu-

dies. 

sets? 

Can these diagnostic features be studied using existing data 

Figures 9.4 and 9.5 show spectra of three mineral and five rock 

samples convolved to Thematic Mapper (TM) and the Shuttle Multispectral 

Infrared Radiometer (SMIRR), respectively, by the method described by 

Singer et al. (1984). The mineral samples are some of those discussed 

in Chapters 3 and 6. Tho rock samples wore collected from tho locali

ties given below. Tho samples are, in order, a calcite (1531), a dolom

ite (6509) , a weathered ferroan dolomite (6502), an oolite and a dolom

ite from the Mississippian Lodgepole Formation in central Montana, a 

dolomite from the Silurian Gower Formation in eastern Iowa, a limestone 

from the Niobrara Chalk in western Kansas, and an eol iani te from the 

Pleistocene Bellows Field Formation on Oahu, Hawaii. The mineral spec

tra have higher al bedos 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 

in Chapter 3) are from fresh, umreathered samples which contain little 

or no iron in solid solution. They show the straight line at shorter 

wavelengths and the carbonate bands at longer wavelengths typical of 

carbonates (see Chapter 3). The third spectrum is of a ferroan dolomite 

or ankerite (sample 6502 discussed in Chapter 5) which has been 
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weathered to a yellow brown color. The reflectance spectrum shows car-

bonate bands between 1.7 and 2.Sµm, a strong iron band near l.Oµm, and a 

strong absorption edge into the ultraviolet duo to the presence of iron 

oxides. 

Spectra of carbonate rocks show a variety of spectral features in 

addition to tho carbonate bands. Spectra of the Mississippian oolite, 

Silurian dolomite, Cretaceous chalk, and Pleistocene eolianite all show 

absorption features in the 0.4 to 0.9µm region attributable to the pres-

once of iron oxides, as discussed above. They show absorption features 

due to fluid inclusion near 1.4 and l.9µm. 

A comparison of tho two dolomite spectra is of interest. Both 

dolomites have the usual buff color in outcrop generally attributed to 

the presence of iron oxides, as mentioned above. The Mississippian 

dolomite, however, has a smooth drop-off throughout the visible range, 

with no discernable absorption features. Even reflectance spectra of 

amorphous Fe3+-bearing glasses shown by Singer (1982), and a spectrum of 

X-ray amorphous iron oxides taken by the author have discreet, albeit 

broad and weak, absorption features in this region. Nor does this 

dolomite spectrum show any features due to Fe2+, generally 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 even distinguishing carbonates from 

clays using TM data. The spectra shown in Figure 9.4a convolved to TM 

bands tend to confirm this. Although the absorption bands due to iron 

oxides in the visible region are reflected in the TM bands, the two 

channels in the NIR are insufficient to give any real information about 

the curve in the inf rared. 
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SMIRR was designed to make greater use of absorption bands at 

longer wavelengths, especially in the 2 .o to 2 .Sµ.m region Goetz et al. 

(1982) concluded that carbonates could be distinguished from clays in 

SMIRR data of a sequence of Cretaceous and lower Teriary rocks in Egypt. 

They concluded that the abrupt drop in the 2.35µ.m filter was diagnostic 

of carbonates, and the direct identification of carbonates could be made 

using the 2.20µ.m/2.35µ.m and 2.22µ.m/2.35µ.m 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 

2.3µ.m), the factor which controls the value of these two filter ratios, 

is entirely an effect of grain 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 in this region should 

be stronger than those of carbonates, since, as discussed in Chapter 3, 

H2o and OH- are stronger absorbers in this region than carbonates. The 

Cretaceous chalk is composed primarily of calcite, but the difference in 

intensity of the 2.35µ.m channel in the SMIRR bands convolved to the cal

cite spectr11111 and to the chalk spectr11111 is marked. Using the criteria 

of Goetz .ll al. (1982), the Cretaceous chalk would be identified as a 

clay rather than as a limestone. 

In spectra of clays illustrated by Singer et al. (1984) it is clear 

that the ratio of the 2.35µ.m to the 2.2µ.m channel for carbonate spectra 

is not distinctly different from that in clay spectra. 

As can be seen by comparing the spectra of the Mississippian oolite 

and the Silurian dolanite, the SMIRR bands can't be used to distinguish 

between the two rock types. Five channels are inadequate to define the 

carbonate bands and permit their precise positions to be determined. 
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If clays are present. as in argillaceous 1 imestones, an even larger 

number of bands will occur in this region. and the need for better spec-

tral resolution will be even greater. 

The SMIRR bands do outline the Fe2+ 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 

2+ 
Fe feature, they are not sufficient to determine its shape or into~ 

sity. or its intensity relative to the carbonate bands, which is neces-

2+ 
sary to determine the amount of Fe present (see Chapter 5). 

It would appear that SMIRR is not adequate for direct mineral iden-

tification, nor even for dependable discrimination between clays and 

carbonates. Although remotely sensed data are very valuable for 

discriminating between 1 ithologic uni ta, they must still be tied in to 

laboratory data on samples fram the study area, and with field work on 

the ground. Distinctions between units established in this manner can 

be extrapolated to other localities within the study area. 

FUTURE WORI'. 

Clearly the greater the resolution, the more information can be 

obtained from spectra. Resolution of 0.025µm in the 2.0 to 2.Sµm region 

is necessary for studies of carbonate minerals, to allow determination 

of precise positions of carbonate bands. and intensities of carbonate 

bands relative to any crystal field bands present. Data collected in 

our laboratory and published data of others indicate even better spec-

tr al resolution is required to al low clays to be detected and identi-

fied, due to the large number of very narrow bands in the 2 .O to 2 .Sµ.m 

region. 

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

lar to that of laboratory instruments (Collins et al., 1981) will allow 
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as much information to be obtained remotely as can be obtained from 

spectra in these regions in the laboratory. 

Several things must be born in mind in dealing with remotely 

obtained spectra. First, only mineralogical and chemical data can be 

obtained from spectra. Deriving textural data from spectra is a complex 

problem 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 solution has not yet been achieved. These studies are 

aimed only at determining particle size distributions. It is doubtful 

that mathematical descriptions of the complex textures which character

ize carbonate rocks, and which are the basis of carbonate rock classifi

cations currently in use (Ham, 1962) will be evolved in the foreseeable 

future. 

Second, there are still many rock types whose spectral properties 

have not been well characterized. Nothing beyond survey work has been 

done on shales, evaporites, or sandstones. Until the spectral proper

ties of these other rock and mineral species are well characterized, we 

can not confidently attribute specific spectral features in spectra of 

unknowns to specific minerals. Other minerals with spectral properties 

not yet well known may have similar features which could mask, or be 

confused with, those with which we are familiar. 

Third, remotely obtained spectra will always be averages of large 

bodies of rock. The large area on the ground encompassed in each pixel 

on remotely obtained images will always contain a variety of rock types, 

and those with the strongest absorption features will dominate the spec

trum, as they do in the physical mixtures whose spectra have been meas

ured in the laboratory. Only laboratory instruments will allow separate 

rock components to be isolated for measurement. 
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Since chemistry and mineralogy alone 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 uni ts. Reflectance spectroscopy wil 1, of nece s-

sity, be used in concert with more traditional 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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Reflectance spectroscopy in the visible and near infrared portions 

of the spectrum (0.35 to 2.55µ.m) can be used to determine the mineralogy 

of carbonate samples and to acquire information on their chemical compo

sition. Spectra of al 1 common anhydrous carbonate minerals have at 

least seven absorptions due to vibrational processes of the carbonate 

radical in this region. Positions and shapes of these bands can be used 

to identify calcite, aragonite, and dolomite, the three most common car

bonate minerals. 

Carbonate band positions are also of use in discriminating between 

other anhydrous carbonate minerals. Positions of carbonate bands vary 

from one mineral to another. The primary factor controling band posi

tion appears to be cation mass. As the mass of the ca ti on increases, 

bands shift to longer wavelengths. Cation radius affects band position 

to a lesser degree, and moat strongly affects carbonate band positions 

in spectra of smithsoni te s and rhodochrosi tea. Crystal structure, i.e • 

the difference in structure be tween calcite group and aragoni te group 

minerals exerts a more subtle influence on carbonate band positions. 

This can best be seen in differences between calcite and aragonite spec

tra. The two minerals have the same composition (Caa:>3> and differ only 

- 212 -



in crystal structure. Spectra of both minerals contain the same number 

of bands, at 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 than in calcite spectra, band 4 occurs at longer 

wavelengths. In addition, some bands are wider in aragoni te spectra 

than they are in calcite spectra. 

Spectra of many calcite group minerals also have absorption 

features due to transition metal cations in their spectra. Strong 

absorptions due to Mn2+ in rhodochrosi te spectra and Fe2+ in sideri te 

spectra aid in identification of these minerals. A combination of 

number, positions and shapes of transition metal bands and positions and 

shapes of carbonate bands are sufficient for distinguishing among common 

anhydrous carbonate minerals. 

Because solid substitution is common among the different end-member 

calcite group minerals, absorption bands due to transition 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 Fe2+. F 2+ b d b ti 1 0 Th t e causes a roa a sorp on near • pm e exac 

shape and position of this band in carbon& te spectra varies from one 

mineral to another, and reflects the size and symmetry of the site it 

occupies. All cations in rhombohedral carbonate minerals are in 

octahedral coordination with six oxygens. Spectra of minerals with the 

least distorted octahedral sites, magnesite and smithsoni te, have the 

narrowest Fe bands which show the least doubling. Fe bands in spectra 

of minerals with more distorted sites, such as calcite, are broader and 

are clearly split into at least two bands. Fe bands in spectra of 

minerals with small octahedral volmnes (small ... 0 bond lengths) occur at 

shorter wavelengths than those with larger octahedral volumes. 
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2+ Absorption features in carbonate minerals al so are caused by Cu , 

Co2+, Mn2+, and Ni2+. Copper forms a broad absorption centered near 

0.9µm. 2+ Co forms two bands, a strong narrow one near 0 .53µm, and a 

broader, weaker one near 1.25µm. 2+ 
Mn has five absorptions in the 0.35 

to 6.0µm region. 2+ 
Ni has three absorptions centered near 1.25, 0.70, 

and 0.42µm. 

The trends outlined above for changes in bands shapes and 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 as well. 

Variations in the concentration of cations subs ti tu ting for the 

major cation in these minerals affect the spectral properties of calcite 

group minerals. Substitution of cations for the major cation generally 

causes the carbonate bands to shift in the direction of the bands in the 

spectra of the end-member mineral for that cation • For example, car-

bonate bands in siderite spectra occur at longer wavelengths than car-

bonate bands in dolomite spectra. As Fe content in dolomite increases, 

the carbon& te bands shift to 1 onger wave! engths. In spectr·a of man-

ganoan calcite, the carbonate bands occur at longer wavelengths than 

carbonate bands in spectra of ordinary calcites, while in spectra of 

high Mg calcites, the bands occur at shorter wavelengths. This can be 

correlated with the fact that carbonate bands in rhodochrosite spectra 

and magnesite spectra occur at longer and shorter wavelengths, respec-

tively, than those in spectra of calcites which are more nearly pure end 

members • 

The concentration of the substituting cation has to be rather high 

to cause these shifts. For example, shifts in carbonate band positions 

in dolomite sectra do no become clear until the Fe content is about 1~ 

by weight. No doubt the magnitudes of the differences between the 
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masses and radii of the subsituting and major cations will determine the 

amount of substitution necessary to cause shifts in carbonate bands. 

Variations in spectral properties of dolomites with variations in 

Fe
2+ content were studied in detail. Intend ty of Fe bands increases 

with increasing Fe content. The intensity 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 smooth curve. It 

should be possible to use graphs of this type to determine Fe content of 

dolomites. Weathering 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 gaussian analysis of 

spectra. 

Carbonate bands in ferroan dolomites shift to longer wavelengths 

with increasing Fe2+ content, and the bands change shape. When Fe2+ 

content exceeds about S'!lt by weight, shapes and positions of bands 1 

through 4 are similar to those in aragonite spectra. However, the posi-

ti on of band 6, and the presence of the extremely strong Fe absorption, 

would keep the spectra of the two minerals from being confused. 

Variations in spectral properties of calcites with varying Cu con

tent were also studied. Positions of carbonate bands do not appear to 

change. As Cu content increases, however, the Cu absorption band 

increases in intensity and shifts to shorter wavelengths. 

Detection limits for different cations vary. Detection limits for 

Mn2+ in dolomites and calcites appears to be about 0.1'11 Mn by weight. 

The detection limit for Fe2+ is about 0.01'11 by weight, while that for 

Cu2+ is even lower. The differences in detection limits reflect the 
2+ fact that the transitions which cause the Mn absorptions are spin for-

2+ 2+ 
bidden, while those which cause the Fe and Cu absorptions are spin 

allowed. 
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Reflectance spectra are very sensitive to the presence of water • 

The two strongest absorptions in the NIR occur near 1.4µm and 1.9µm, and 

work by Hunt and Salisbury (1970), Hunt (1977) and others has shown that 

differences in numbers, shapes and positions of these bands can be used 

to distinguish liquid B2o from bound B2o and OB • Reflectance spectra 

of three hydrous carbonate minerals, hydromagnesite, hydrocerussite, and 

hydrozincite, show that all three minerals contain both bound H
2
o and 

OB • Published formulas of hydrocerussite and hydrozincite indicate 

these minerals are believed to contain only OB-. Absorption bands due 

to bound water in hydrous carbonate minerals are broader and occur at 

longer wavelengths than those in liquid water • 

Nearly all spectra of carbonate minerals and rocks contain absorp-

tion features due to liquid water in fluid inclusions. Spectra of 

skeletal material contain especially strong water bands reflecting fluid 

inclusion contents of as much as three weight per cent. Amounts of 

inclusions in skeletal material vary from one type of organism to 

another. -Of the types of material studied so far, coccoliths and plank

tonic foram tests contain the least water, scleractinian corals, echino

derms, and coralline red algae contain the most. 

Diagenesis of skeletal material results in loas of fluid inclu

sions. Neomorphism of skeletal aragonites and high Mg calcites to low 

Mg calcites ia accompanied by an order of magnit.ude drop in inclusion 

content. Solution and reprecipitaton processes which cause the ooze-

chalk-limestone transition in deep sea carbonate sediments also result 

in loss of fluid inclusions. Where original skeletal mineralogy and 

texture are retained, original fluid inclusion content is retained as 

well. 
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Reflectance spectra may be obtained from material in any form. 

including powders, sands, and whole rocks. Absolute intensities and 

overall brightness or albedo of samples are affected by particle size 

and packing. Absorption features are more intense in spectra of 

coarse-grained or non-porous samples. However, absorptions still con-

form to Lambert's law, and positions, shapes and relative intensities do 

not change. Thus the form of the sample does not affect the information 

which can be derived from its reflectance spectrum. 

The same mineralogical and chemical information can be derived fran 

spectra taken with different types of spectrophotaneters. It doesn't 

seem to matter whether bidirectional or directional-hemispherical 

reflectance is measured. There can be an offset in band positions meas-

ured by different instruments. However, this is a calibration problem. 

The offset is constant over time, and a correction can easily be 

applied, so that spectra taken with different instruments can be com-

pared. 

Reflectance spectroscopy in the VIS and NIR has potential not only 

as a laboratory tool, but also as a remote sensing technique. Although 

atmospheric water bands make sme portions of the spectrum inaccesible, 

the remaining portions are sufficient to detei:mine mineralogy and chemi-

cal composition of carbonate rocks. Calcite and dolomite make up the 

bulk of ancient sediments which are the target of remote sensing, and 

they can be be distinguished on the basis of the positions of the two 

strong carbonate bands centered near 2 .3 and 2.Sµm. Relative intensi-

2+ 
ties of Fe bands can be used to determine Fe content of carbonate 

minerals. Other phases such as clays, Fe oxides, and organics contribute 

features to spectra of carbonate rocks which will be helpful in discrim-

inating between rock units. Weathering processes alter the appearance 
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of carbonate rocks in outcrop. Although they will still be identifiable 

as carbonates, a decrease in crystal size, and a possible increase in 

porosity will result in weakening of carbonate bands. It may be neces

sary to plot remotely obtained spectra on an expanded scale to see the 

carbonate bands clearly • 

Existing TM and SMIRR data sets lack sufficient spectral resolution 

for identification of carbonate rocks, nor do they allow carbonates to 

be distinguished from clays. Spectral resolution of at least 25nm will 

be necessary to study carbonates. Even greater spectral resolution is 

needed to study the many narrow clay bands which occur in the 2 .O to 

2.Sµm region. However, these data sets will continue to be very useful 

for discrimination between rock units which have been studied in the 

field, and whose spectral characteristics have been detei:mined in the 

laboratory • 
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