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A B S T R A C T

The varied lithologic facies and mineralogy resulting from emplacement of syngenetic alkaline, ultramafic and
carbonatite (AUC) intrusions are made more diverse by variable weathering and alteration. Ultramafic-carbo-
natite intrusive complexes are a source for many valuable minerals including diamonds and rare earth element
minerals. The intrusive bodies are often difficult to detect in the field due to their paucity, weathering, vege-
tation, and, in some instances, similarity to country rock, especially in the case of carbonatites among sedi-
mentary carbonates. Remote spectroscopic detection is used extensively for geologic mapping yet has not been
applied to differentiating sedimentary and igneous carbonate weathering profiles. Here we document the al-
teration mineralogy of a newly authenticated melilitite-clan carbonatite occurrence in the Avon Volcanic District
in southeast Missouri, USA. The presence of lizardite, vermiculite, phlogopite, and andradite in the weathered
crust of calcic and dolomitic carbonatites differentiate them from sedimentary dolomites. We apply field and
laboratory spectral measurements to determine the feasibility of humid region AUC remote sensing and clas-
sification. Automated humid region detection and classification of carbonatites among sedimentary carbonates is
shown to be possible using ratios of absorption features in the 2000–2400 nm range as well as features centered
near 680, 900, and 1100 nm due transition metal charge transfer and crystal field splitting in garnet, sheet-
silicates, and spinel.

1. Introduction

Alkaline, ultramafic, and carbonatite (AUC) intrusive complexes are
associated with platinum group element, diamond, and rare earth ele-
ment (REE) deposits (Jones et al., 2013; Mitchell, 2008). In addition,
AUC dikes and pipes offer unique insight into Earth’s interior. The rapid
rate of ascent by AUCs carries up mantle material that is otherwise
inaccessible and reveals a great deal about Earth’s interior (Giuliani
et al., 2015). Carbonatite, igneous rock composed of> 50% magmatic
carbonate minerals, was not recognized as an igneous lithology until
the mid-twentieth century (Wyllie and Tuttle, 1960). Carbonatites and
their associated silicate rocks have been identified around the world at
craton margins and failed rift zones (Heaman et al., 2004; Jelsma et al.,
2009) (Fig. 1a). The known occurrence of carbonatites is much higher
in arid regions than in humid regions (Fig. 1a), which is probably an
artifact of the difficulty of identifying these rocks in humid regions.
Humid environments increase the extent of weathering and can lead to
thick weathering profile and laterite formation. In the case of carbo-
natites, numerous mineral assemblages can result from different

degrees of weathering, ranging from recrystalised carbonates and pre-
served primary minerals to sulphates, clays, oxides and chalcedony
(Lottermoser, 1990). Considering this, research into the alteration/
weathering mineralogy and remote detection of carbonatites and as-
sociated lithologies among sedimentary carbonates and in humid re-
gions has the potential for new discoveries. Detection and mapping of
carbonatite complexes is important for advancing the understanding of
their petrogenesis and for evaluating their resource potential.

Carbonatites are found in association with and gradational between
various silicate lithologies (Bailey, 1993; Mitchell, 2005) and present
diverse facies given the complicated, rapid and deep rooted emplace-
ment (Mitchell, 1986). Surface exposures of carbonatites are subject to
these genetic and structural complexities as well as variable post em-
placement alteration and country rock interaction (Shavers et al.,
2016). Understanding the various conditions of surface exposures is
essential to carbonatite mapping and may provide insight into textural
and mineralogical differences between carbonatite genesis types. There
has been some documentation of the weathering products of carbona-
tites yet these most often deal with nephelinite-clan carbonatites
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(Chakhmouradian et al., 2015; Walter et al., 1995) and the mineralogy
of REE-bearing minerals (Sarapää et al., 2013; Xie et al., 2015).

In this study, samples of igneous and sedimentary lithologies have
been collected from 12 outcrops in the Avon Volcanic District (AVD)
(Fig. 1b), southeast Missouri, USA. The AVD intrusive lithologies grade
between calciocarbonatite breccia, alnöite, and olivine melilitite. The
associated dikes and pipes appear to have erupted during reactivation
of mid-continent rift fractures in the early to middle Devonian (Shavers
et al., 2017). Country rock in the AVD is mainly Cambrian sedimentary
carbonates and sandstone. Identification of igneous carbonates in this
context is challenging and limited outcrop exposure coupled with
weathering and hydrothermal alteration compound the challenges. The
geologic and geographic setting of the AVD make it an ideal area for the
study of igneous/sedimentary carbonate differentiation. Results of this
work are an extension of Shavers (2017) and contribute to carbonatite
classification and the ongoing mapping of intrusives in the AVD.
Mapping and exploration for AUC complexes typically involves ex-
tensive field and laboratory work that is often time-consuming and
expensive. The work presented here documents unique primary and
weathering mineralogy of the igneous carbonates and tests methods for
remote characterization of AUC lithologies in fragile ecosystems that
can reduce financial and scheduling costs. Normalized difference
spectral index (NDSI) and chemometric methods are used to identify
visible to short wave infrared (Vis-SWIR) reflectance bands unique to
the intrusive carbonatites and these are attributed to specific

mineralogies that cause the energy interaction. While many minerals do
not have prominent reflectance features in the region, some mafic mi-
neral alteration products do have recognized absorption features
(Bedini, 2009; Rowan and Mars, 2003). In the Vis-Near-Infrared (NIR)
region, several absorption features related to transition element con-
tent, valence state, and coordination are distinctive.

2. Past work on AUC spectroscopy

In their seminal series of articles on mineral Vis-SWIR spectroscopy,
Graham Hunt and his associates review past work and present it
alongside in-depth measurements of the reflectance and absorption
features unique to many rocks and minerals (Hunt and Wynn, 1979;
Hunt, 1977; Hunt and Salisbury, 1971; Hunt and Ashley, 1979; Hunt
and Evarts, 1981; Hunt et al., 1973, 1974). Hunt et al. (1974) present
spectra in the 325–2500 nm region for ultrabasic and basic rocks. Re-
flectance features for basic rocks are limited to a weak broad Fe sig-
nature centered near 1000 nm. Nonetheless, it is suggested by Hunt
et al. (1974) that the ultrabasic reflectance signature is well defined and
unique enough that “Typically… there is never any difficulty in dis-
tinguishing between ultrabasic and other rock types”. The features
noted are well defined troughs near 1000 and 1800 nm, although the
later would normally be difficult to distinguish because of the water
absorption around 1900 nm. Iron in olivine and pyroxene can both
contribute to the 1000 nm trough.

Fig. 1. a) Global distribution of carbonatites (white points) (Woolley and Kjarsgaard, 2008). Humid and tropical regions are identified by solid grey fill (National Geographic, 2005). Base
map modified from ESRI (2016). b) The Avon Volcanic District (Shavers et al., 2016) with all documented intrusive outcrops plotted. Ste. G. Co- Ste. Genevieve County, St. F. Co- St.
Francois County.
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In their series Visible and Near-Infrared Spectra of Minerals and Rocks,
Hunt and Salisbury (1971) analyze carbonate spectra. Observations of
value include 5 bands in the short wave infrared region caused by the
presence of CO3 and several bands in the shorter wave lengths due to
ferrous and ferric iron respectively. The carbonate bands are re-
presented by absorption features centered near 1860, 1980, 2130,
2140, 2330, and 2530 nm. The common substitute of Fe for metal ions
in carbonates lends to several reflectance features. Ferrous Fe often
causes a broad feature near 1100 nm and Fe3+ can lead to features near
400, 700 and 870 nm given specific crystal structure and coordination.
The authors suggest that subtle reflectance features can be detected for
Fe content as low as 0.0005 wt%.

Several researchers have demonstrated the viability of using sa-
tellite and airborne Vis/NIR spectroscopy for AUC and carbonatite ex-
ploration. Bedini (2009) used HyMap data collected from an altitude of
2.5 km with 15–20 nm bandwidth, 126 bands between 440 and
2480 nm, and 4m spatial resolution to map the Sarfartoq carbonatite
complex of south-west Greenland. The resulting geologic map differ-
entiates between “carbonatite, carbonatite outer core zone (fenite with
carbonatite dykes), fenite, marginal alteration zone (hematized gneiss),
gneiss” (Bedini, 2009), and vegetated areas. Field validation of 81 sites
in the area indicates an accuracy of 87.6%. Bedini (2009) notes that Fe
absorption features in the 1000–1300 nm range as well as carbonate
features between 2320 and 2340 nm are important for differentiation.
The shift of the CO3 feature from 2320 to 2340 nm was indicative of the
calciocarbonatite. The study area provided relatively undisturbed li-
thology exposures with little vegetation.

Bowers and Rowan (1996) employed AVIRIS data, collected from an
altitude of ∼18 km between 400 and 2500 nm with 224 channels and
16–20m spatial resolution, in a similar pursuit, mapping the Ice River
Alkaline Complex of Canada’s British Columbia. In their work, the
identification of ultramafic rocks along with a carbonatite phase and,
like our study area, carbonate country rock is investigated. They report
differentiation of 5 country rock subgroups and individual intrusive
lithologies, primarily-ijolite mafic and primarily-magnesian carbona-
tite. The authors report that Al and Mg hydroxide bonds and CO3 with
features between 2190 and 2350 nm and Fe features between 800 and
1300 nm were the significant identifiers of separate lithologies. Bowers
and Rowan (1996) identify differences between carbonate species but
do not address the difference between magnesian carbonates of dif-
ferent petrogenesis as is the case in the AVD.

Galvão et al. (1995) studied AUC laterites in northern Brazil. The
study is limited to correlation between spectra and phosphate, Fe, and
Ti content using 19 spectra. Overall albedo and intensity of a Fe ab-
sorption feature highlight the variability in chemical content and allow
discrimination between Al phosphate and Ti-rich laterites. These stu-
dies along with many others indicate the spectral sensitivity available
for mineral and rock identification using imaging spectroscopy.

3. Study area

The study area for this work is the Avon Volcanic District (AVD),
southeast Missouri, USA (Fig. 1). This region is host to a mid-Devonian
ultramafic-carbonatite dike and diatreme complex (Shavers et al.,
2016). The AVD is adjacent to and penecontemporaneous with the first
known activity on the Ste. Genevieve Fault Zone which is perpendicular
to, and terminates at, the Reelfoot Rift (Nelson et al., 1985). Country
rock in the area is Paleozoic sedimentary dolomitic rock with sandstone
found in the north-west portion of the AVD (Fig. 1b) and some out-
cropping Precambrian basement granite (Kidwell, 1947). Mapping of
AVD intrusive dikes and pipes is ongoing yet hindered by vegetation,
weathering, and surface exposure similarity to the country rock.

The AVD intrusive lithologies include and grade between olivine
melilitite, alnöite, carbonatite, and carbonate-rich breccia (Fig. 2).
These rocks outcrop in various forms and facies. The outcrop size can
range from meter-scale knobs to dikes exposed for> 100m. The rocks

are more resistant than the country rock in some cases, retaining much
of the primary mineralogy and igneous texture, and in others can be
completely laterized and preferentially eroded. The later style has thus
far only been found in the northwest quadrant of the AVD among the
Lamotte Sandstone (K1 and H2 in Fig. 1b). The two laterized facies
outcrops are from similar intrusive lithologies yet have different visual
and chemical characteristics indicating that the laterization is not de-
pendent on original mineralogy and more likely a feature of emplace-
ment environment. Laterization can lead to concentrations of important
elements (Lottermoser, 1990).

The AVD intrusive outcrops vary according to gradation among
lithologies and their proportion of primary minerals. Mafics and car-
bonates are the dominant minerals. The primary mineralogy of the
outcrop can have a great effect on the exposed facies. Rocks with a large
proportion of mafic minerals that are easily altered will have higher
proportions of alteration products such as carbonates, clays, and oxides.
The spatial distribution of the lithologies relative to each other appears
to be random aside from the K24 outcrop where alnöite and carbonatite
rocks are both found. Carbonatite outcrops are predominantly calcite
and dolomite along with the products of mafic mineral hydrothermal
alteration, primary oxides, and garnet. The alnöite mineralogy is
dominated by olivine, andradite garnet, and calcite. The olivine melilite
outcrops found are generally primary olivine and melilite hydro-
thermally altered to calcite, clays, and oxides (Shavers et al., 2016).

4. Methods and materials

In the course of this study, spectral and rock samples were collected
from 12 intrusive outcrops and adjacent sedimentary outcrops in the
AVD. The hand samples were subjected to lithographic (Shavers et al.,
2016) and powder X-ray diffraction (XRD) analysis in order to de-
termine the weathering mineralogy. Laboratory spectroscopic re-
flectance measurements were made of weathered surfaces. The spectral
data was analyzed for correlation with mineralogy using chemometric
modeling, and automated index evaluation. Petrographic and whole
rock geochemical data from a previous study (Shavers et al., 2016) are
built upon.

4.1. X-ray diffraction analysis

Samples selected for petrographic and XRD analysis where selected
to represent the lithologic gradation among carbonate-rich lithologies.
The XRD powder preparation was adapted from Hillier (1999) and
Srodon et al. (2001), detailed by Shavers et al. (2016), for the majority
of the samples while some samples were only ground and sieved to<
250 µm. Analyses of the resulting powder was performed with a Bruker
d8 Advance X-ray Diffractometer at the Washington University in St.
Louis XRD lab and a Rigaku XRD MiniFlex 600 at Saint Louis Uni-
versity. The 2θ range analyzed is between 5° and 70° with a 0.02 step
size and 0.5 s dwell time for the Bruker and 1°/min speed for the Ri-
gaku. The more extensive XRD analyses revealed some minor phases
not otherwise seen but for the most part the data was comparable be-
tween samples run using both methods. For clay mineral identification,
we focused on the 5–20 2θ range because clays generally exhibit intense
peaks in the region and there are few other mineral peaks that occur in
that region (Moore and Reynolds, 1989).

4.2. Spectral analysis

The spectral wavelengths analyzed in this study are in the Vis-SWIR
region, 350–2500 nm. In the field, spectral measurements were taken of
weathered outcrop using a contact probe and the laboratory samples
were measured using a bench probe. Both have a ∼3.5 cm diameter
window and are internally lit by a 5W halogen lamp. The instrument
used for spectral measurements is a PSR-3500 Spectroradiometer
(Spectral Evolution, Inc.). The sampling spectral bandwidth is between
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3 and 8 nm depending on wavelength. The measurements of individual
samples were averaged to give representative curves for each lithologic
facies. Spectra covering all the sampled outcrops were analyzed against
mineral content and geochemistry to identify specific reflectance fea-
tures unique to the intrusive lithologies. The resulting VIS-NIR re-
flectance and absorption features are tested for feasibility in remote
detection scenarios.

In order to develop detection and quantification methods, several
methods are implemented to determine the wavelengths most affected
by the mineralogy, geochemistry and texture of the AVD lithologies.
Important wavelengths for the various minerals found among the
lithologies have been documented (Hunt, 1977; Hunt and Ashley,
1979), yet spectral mixtures and disordered lattice matrices are ex-
pected with the diverse compositions and parageneses found in the

study area. Such features may lead to unique spectroscopic features that
are indicative of AUC complexes and can be used in future remote
detection.

4.2.1. Chemometric modeling
Chemometric modeling is a broad term that describes the use of

chemical and spectral data in modeling the role of the chemical levels
in the spectral response. The spectral data can be of various values and
variables. Chemometric modeling is used in various disciplines (Frank
and Friedman, 1993). The modeling provides insight into the chemical
and molecular causes for the relative absorption and reflectance fea-
tures. Understanding the causes of spectral features in the study area is
of use in scaling up the methods to other regions which will vary in
their chemistry and mineralogy. Whole rock chemical data is taken

Fig. 2. AVD hand samples: a) carbonatite, metamorphosed carbonatite, and sedimentary dolomite taken from surface exposures. Slabbed hand samples: b) calciocarbonatite with
sedimentary clasts, c) alnöite, d) olivine melilitite.
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from Shavers et al. (2016) and from ideal formulas given the respective
mineralogy.

The modeling of chemical correlation with spectral response was
done using the GRAMS IQ software (Thermo Fisher Scientific Inc.). The
spectra from the PSR3500 collection interface are exported into the
GRAMS IG software along with a file containing the geochemical data.
The models tested are partial least squares (PLS) and principle com-
ponent regression (PCR) analyses (Frank and Friedman, 1993). Once a
model was developed with a strong correlation coefficient, a random
subset of spectra was used to test the model.

4.2.2. Normalized difference spectral indices
The NDSI evaluation is a simple method of testing the correlation

between normalized difference index (NDI) values
− +band band band band[( 1 2)/( 1 2)] from the averaged spectra and che-

mical content (Stagakis et al., 2010). The benefit of the NDSI is that it is
not sensitive to atmospheric and sensor geometry conveying variable
curve geometries like peak heights and shoulders. A script was devel-
oped to implement the NDSI analysis by testing each wavelength (λx)
against every other wavelength (λi) in a normalized difference index
[NDSIx,i= + −λ λ λ λ( )/( )x i x i ] and comparing these results to the che-
mical levels of the respective samples. The output includes the coeffi-
cient of determination (r2) and p-value results.

5. Results and discussion

This study identifies mineralogical and spectral differences between
the weathered facies of sedimentary and igneous carbonates of the
AVD. The difference in bulk mineralogy between the igneous and se-
dimentary lithologies is usually not clearly discernable because the
ratio of carbonate minerals to silicates is large (Shavers et al., 2016) and
because of the similarity between sedimentary and weathered igneous
mineralogies. Here we identify a minor mineral composition among the
weathered surfaces that differentiates the AVD intrusives and is ex-
plained by the primary mineralogy and chemistry. The diverse minor
mineralogy along with the sensitivity of Vis-SWIR spectroscopy to
texture, grain size, and other factors make determination of exact mi-
neralogy and causes of spectral features in reflectance measurements

difficult. There are however general trends in the spectral response of
weathered surfaces that allow for differentiation between igneous and
sedimentary rocks in the AVD using optical remote sensing methods
and some conclusions can be made given thermodynamic calculations
in conjunction with mineralogy and geochemistry.

Although the mineralogy of the AVD carbonatites has unique con-
stituents, not all minerals have electronic properties that produce no-
ticeable reflectance or absorption features in the Vis-SWIR spectral
range (Hunt, 1977). Proportion of minerals in the rocks also dictates
whether they are perceptible using remote sensing techniques. Clay
minerals, serpentine, and phlogopite all have molecular properties that
cause absorption features in the Vis-SWIR range and have been iden-
tified in the AVD carbonatite weathering profile in proportions per-
ceptible in field and lab spectra and likely with high resolution airborne
spectroscopy. Titaniferrous melanite has been identified as a relict in an
extensively weathered pipe and among other outcrops. There are ab-
sorption features in the longer wavelength visible regions that are at-
tributed here to charge transfer between Fe and Ti and transition metal
electronic transitions and may be useful for igneous carbonate differ-
entiation. REE levels are elevated among AVD lithologies, REE miner-
alization has not been clearly identified yet may be found in minor
phases undetected here such as allanite.

5.1. Weathering mineralogy

Minor constituent minerals have been identified in the altered sur-
face mineralogy of the AVD carbonatites in an environment of variable
weathering that differentiate carbonatites from sedimentary carbo-
nates. These minerals have complicated formation pathways yet can be
generally grouped into relict primary minerals and post-emplacement
alteration products. The extent of weathering can range from unaltered
olivine bearing ultramafic rock to laterite consisting of clay and quartz.
The majority of the outcrops are moderately weathered with evidence
of extensive hydrothermal interaction and small amounts of clay
forming on mineral rims and interstitially.

5.1.1. Relict minerals
Phenocrysts of phlogopite can be visually identified in most AVD

intrusive hand samples and petrographic analysis reveals phlogopite as
present among nearly all of the 12 sampled outcrops (Fig. 3) (Shavers
et al., 2016). Another mineral found in the weathered rock and con-
sidered primary in the AVD intrusives is Ti-rich andradite garnet. An-
dradite is found to be a significant component of the ultramafic alnöite
dikes and pipes but is also found among the carbonatites in smaller
proportions. Phlogopite and andradite are both relatively resistant to
weathering to the point that they can be found as constituents of sand.

Chrome spinel is found to be resistant to weathering compared to
ferromagnesian minerals and has been identified in petrographic ana-
lysis (Fig. 3). The spinel content is difficult to identify in the AVD XRD
results because of overlap with carbonate peaks. In samples from K1,
the most extensively laterized outcrop found in this study, the XRD
analysis indicates the presence of franklinite, Zn spinel. Ilmenite may be
another relict mineral with important Ti and Fe content yet the XRD
patterns are not definitive because of the density of diffraction signals
that overlap it.

5.1.2. Alteration products
Lizardite forms along with magnetite in retrograde metamorphism

and alteration of olivine and is found in 7 outcrops. Lizardite is not
found where hydrothermal alteration has led to carbonate replacement
of most of the minerals or weathering is intensive. Magnetite and other
oxides are inevitable components in this environment given the oxi-
dation and elevated Fe levels (Table 1), yet they do not make up a
significant portion of the mineralogy.

Chlorite is a common mineral found in weathering environments
and in this study is the result of low temperature alteration of

Fig. 3. Electron backscatter image of phlogopite (Phl) and andradite (Adr) phenocrysts in
a matrix including calcite, silica, magnetite, serpentine, and chromite (small white areas).
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ferromagnesian primary minerals. The presence of chlorite is confirmed
by petrographic and XRD analysis (Fig. 4). Levels are high enough for
XRD detection in only four of the samples studied. The samples in
which chlorite is found are in various states of alteration.

All of the outcrops with moderate to extensive alteration have clay
mineral components detectable in thin section and hand sample. This is
not always discernible in XRD analysis of samples that have not been
subjected to clay mineral separation. Nonetheless, clay signatures have
been identified in 6 of the samples analyzed giving a reasonable ap-
proximation of the mineralogy in samples with lower clay proportions.

Two of the outcrops subject to XRD analysis have discernible illite
content. Illite is a K-Al sheet silicate often formed with the weathering
of feldspars but it can also be found in regions of hydrothermal al-
teration. The AVD rocks have been shown to have likely had a sig-
nificant water-rich fluid phase alter the mineralogy (Shavers et al.,
2016). Yet, the outcrops found to contain significant illite differ in li-
thology and degree of alteration suggesting the presence of illite among
the outcrops is subject more to potassium content. One of the illite-
bearing samples (A66B) has the highest K2O wt% found among the
intrusive lithologies in this study (Table 1) and the other (K1) is the
most extensively laterized sample found in the course of this study.

Another clay mineral found to be significant in the intrusive rock
weathering mineralogy is vermiculite. The vermiculite signature was
identified in three XRD patterns for the AVD intrusives with alteration
ranging from moderate to extensive. The samples found with vermi-
culite appear to have higher combined Fe, Mg, Al, and Ca, than the
other rocks with moderate to significant alteration. These elements are
the principle metals occupying the cation sites of vermiculite. There is
also a Fe and Mg-rich muscovite (celadonite) that has been indicated
from XRD analysis of the K1 site samples. Muscovite is a common
product of hydrothermal alteration, including in ore zones and has been
used as an indicator mineral in studies of remote sensing of ore deposits

Table 1
Major and minor element weight % oxide data for AVD lithologies from Shavers et al. (2016). The samples analyzed are relatively fresh and do not represent surface alteration.

Rock Type Olivine Melilitite Alnöite Calciocarbonatite

Sample ID L9A2 L3F1 A62A A63 L81 L62 L121
Outcrop ID K22 K24 K10 Pol K29 H1 K50

SiO2 31.68 32.46 35.43 29.39 26.14 42.61 32.42
Al2O3 5.38 5.55 5.7 4.57 4.54 4.34 3.99
Fe2O3 11.31 12.89 12.39 10.2 8.48 7.03 7.91
MnO 0.181 0.187 0.183 0.151 0.148 0.096 0.102
MgO 19.55 19.62 21.68 16.34 7 4.62 2.47
CaO 10.99 14.05 12.48 16.03 25.67 18.77 26.13
Na2O 0.12 0.4 0.19 0.18 0.06 0.22 0.18
K2O 0.42 0.71 1.16 0.44 0.13 1.34 0.39
TiO2 1.48 1.85 1.754 1.266 1.09 1.07 0.84
P205 0.48 0.65 0.67 1.27 0.28 0.59 0.43
Cr2O3 0.23 0.24 0.19 0.09 0.12 0.05 0.1
CO2 18.39 11.53 8.12 18.33 26.56 18.95 25.31
Total 100.3 100.3 99.75 98.17 100.3 99.75 100.4

Rock Type Metasomatised carbonatite Dolomitic country rock Sandstone country rock

Sample ID L2M A66B A64A A62C A66A L111 L56
Outcrop ID K10 K12 K24 K10 K12 K50 K1

SiO2 16.37 35.86 12.26 11.69 5.42 18.38 94.02
Al2O3 2.97 3.52 4.32 3.37 1.39 3.36 0.65
Fe2O3 5.4 3.44 5.16 2.75 2.72 5.71 1.04
MnO 0.152 0.177 0.162 0.237 0.338 0.314 0.017
MgO 16.17 9.67 15.43 16.35 18.31 14.63 0.71
CaO 22.7 17.57 24.42 25.57 28.61 21.94 0.73
Na2O 0.17 0.1 0.2 0.15 0.08 0.22 0.08
K2O 0.51 2.15 0.88 0.88 0.17 1.58 0.15
TiO2 0.78 1.005 1.07 0.17 0.09 0.16 0.13
P205 0.39 1.01 0.48 0.19 0.07 0.18 0.03
Cr2O3 0.06 0.02 0.13 0.03 0 0.03 0.02
CO2 33.87 23.84 34.56 37.81 42.34 33.46 1.06
Total 99.6 98.34 99.16 99.22 99.56 99.98 98.65

Fig. 4. Plot of AVD XRD results, the sample name is listed at right. Calciocarbonatites:
Pol, H1, K50, K29, K14; altered carbonatites: K10, K12, K24 car; laterized intrusives: H2,
K1; dolomitic country rock: K50 dol, K12 sed, L133; sedimentary clast from a breccia: L10
sed Inc.
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(Buckingham and Sommer, 1983; Kruse et al., 2012).

5.2. Spectroscopic results

The weathering mineralogy of the AVD outcrops has been docu-
mented here as well as a remote sensing model for the discrimination of
carbonatite complexes among carbonate country rock and environ-
ments prone to extensive surface alteration due to weathering. In this
work, two methods are investigated with the aim of identifying li-
thology unique spectroscopic reflectance features in the Vis-SWIR
spectral region (Fig. 5). Chemometric modeling of AVD spectra using
geochemical data from the study by Shavers et al. (2016) is developed

to identify regions of the spectra that correlate with AVD chemistry.
The models developed confirm the SWIR region between 2100 and
2400 nm as valuable in identifying igneous carbonates (Fig. 6). Inter-
estingly, the model also suggests minor element components may lead
to unique features in the visible region. Finally, a NDSI model is used to
test the potential for index use in remote sensing (Inoue et al., 2008).
The NDSI supports the above findings including the visible region po-
tential importance.

5.2.1. Chemometric results
The chemometric analysis of the AVD reflectance spectra led to the

identification of band regions of interest in the Vis-NIR and SWIR wa-
velengths. Multiple statistical treatments where applied to optimize the
modeling of the spectral response to chemical content. The coefficient
of correlation and factor weights were used to identify regions of the
spectra related to the chemistry. In the Vis-NIR region there are three
broad absorption features that are well defined among the intrusive
rocks and narrower visible region features among some. Both major and
trace element chemistry were tested against the spectral data.

In the Vis-NIR region, Ni and Cr have the highest correlation with
the spectral data among the trace elements. Both of these transition
elements have the potential to produce electronic transition induced
absorption features in this region. While correlation coefficients are
high for Ni and Cr, correlation between the trace elements and Fe make
the causation difficult to determine. For both, the factor weights are
highest in the 860 nm region although the weights plot is extremely
noisy when narrowed in on the region beyond the 400–1300 nm swath
(Fig. 6). The coefficient of correlation for Ti reached R2=0.81 when
the spectral region was narrowed to 600–750 nm. Narrowing or shifting
the region from this range generally was deleterious. We attribute the
intensity of the feature centered around 650 nm to the presence of ∼7
wt/% Ti oxide in andradite and charge transfer with Fe which can exist
as ferric or ferrous in the octahedral and tetrahedral sites (Huggins
et al., 1977a). Divalent Ni in lizardite and spinel may also contribute to

Fig. 5. Sample reflectance curves from AVD intrusive lithologies.

Fig. 6. Factor loading plots from the chemometric analysis.
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this feature (Hunt, 1977). The total Fe content shows strong correlation
in the Vis-NIR region yet is more common in sedimentary lithologies
than Ti and the trace elements and therefore of less use in remote
classification.

Melanite is present among the weathered crusts of outcrops and is
primary in the intrusive AVD lithologies. The chemometric spectra
analysis clearly points to the visible region of the AVD igneous lithology
reflectance spectra for evidence of unique spectral identifiers. The
broad band in the 650–700 nm region is unique to igneous lithologies
and most evident among those where melanite is abundant. Absorption
features in the longer wavelength visible region resulting from the
crystal field splitting of the 3d1 Ti3+ cation in a distorted octahedral
have been documented by others (Dowty and Clark, 1973; Khomenko
et al., 1994; Prewitt et al., 1972). Yet the balancing of the melanite
formula indicates that Ti4+ is the dominant valence state in order to
balance the charge given trivalent (and possibly divalent) Fe occupying
roughly half of the tetrahedral sites. Fe preferential occupies the tet-
rahedral site over Ti (Huggins et al., 1977b). The feature is a broad
(50 nm) shallow absorption band evident in many igneous AVD AUC
spectra and well defined in the spectra from outcrops with ultramafic
minerals present which are dominated by olivine, serpentine, and ti-
taniferous andradite. A 700 nm absorption band is a common feature of
ferric-ferrous charge transfer and is overlapping the 650 feature here
(Figs. 7 and 8).

There are ferric and ferrous absorption features identified in the
mineralogy and spectra of the AVD intrusives. Sharp features in the
400–600 nm region of spectra from fresh slabbed samples are asso-
ciated with ferrous Fe while ferric Fe can lead to features throughout
the Vis-NIR region, although less prominent in the shorter wave
lengths. Iron is found in many phases in the intrusive rocks including
phlogopite, andradite, melanite, olivine, and oxides. The sharp features
are not always detectable in the weathered surface spectra (Fig. 7)
where the Vis-NIR region is dominated by several broader features.
These features are centered around 680, 900 and 1100 nm and attrib-
uted here primarily to charge transfer between transition elements. The
absence of these features in sedimentary rocks with comparable Fe
content is likely due to the Fe being found in dolomite.

In the SWIR region, the 2000–2500 nm region is clearly useful in
detecting carbonate rocks because of the strong and dominant carbo-
nate ion vibrational features in the region (Gaffey, 1985; Hunt and
Salisbury, 1971). The chemometric modeling points to a narrower
SWIR region as strongly correlated with the chemistry (Fig. 6). In the
2180–2400 nm region, the igneous lithologies display a more intense
absorption feature in the 2200–2300 nm region than the sedimentary
rocks. This amplification is attributed here to the presence of Mg in
serpentine and phlogopite in the intrusive rocks. The NDSI indicates
that an index using bands in this region may be useful in differentiating
igneous carbonates and associated lithologies among sedimentary rocks
of similar mineralogy.

5.2.2. Normalized difference spectral index
The NDSI test of index correlation with whole rock geochemistry

was run against the major and minor element oxide wt% (Table 1). The
results of the NDSI show a strong correlation between bands in the short
wave IR region and the AVD geochemistry (Fig. 9). The Vis-NIR region
shows only narrow regions with moderate correlation. The shorter
wavelength visible region shows moderate to good correlation with
several chemical constituents. The ratio between the 500 and 350 nm
regions stands out for Al, Fe, and Ti oxides, yet the spectra signal to
noise ratio in this region can be low making the range less useful for
remote detection.

Similar to the chemometric modeling results, Ti has the strongest
correlation among the minor constituents. Correlation coefficients near
0.8 in two distinct regions of the SWIR region and are strong in the
350–550 nm region. The Al oxide values appear to correlate with si-
milar regions. The correlation coefficients reach 0.68 in the SWIR

Fig. 7. Vis-NIR reflectance spectra from intrusive rocks indicating the Fe and Ti ab-
sorption features. H2 – laterized carbonatite, K10 – altered carbonatite, K50 – carbona-
tite, K22_UM – olivine melilitite.

Fig. 8. Plot of sample H2, laterized diatreme facies, inverted with continuum removed.
Gaussian curve fitting was performed in the IgorPro software.
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region and show potential in the same 350–550 nm region.
Along with Ti, Fe oxide values show the strongest correlation to the

NDSI-developed ratios. The areas that appear to be important for Ti and
Al content prediction often overlap with the regions that correlate with
Fe content. As was noted in Section 5.2.1, Fe correlates strongly with
many of the minor and trace elements and is likely the cause of much of
the spectral response to AVD geochemistry.

The visible region band index for 500 and 350 nm shows potential
for Ti, Al, and Fe measurement. This is likely a reflection of the shoulder
in this region attributed to charge transfer in hydroxides causing the
steep drop off. Minerals with Fe, Al, and Ti are capable of producing the
intense drop off in the hydroxide scenario that are common to weath-
ering minerals (Hunt, 1977).

The correlation coefficients for Ca show some potential for index
evaluation of mineralogy. The bands indicated as index components are
unique in this experiment. The strongest correlation is found using
bands in the 675 and 1900–2400 nm regions. This is a logical spectral
response given the strength of the absorption features in the SWIR re-
gion. An index using these bands may be best suited to differentiation
among carbonatites of varying lithologies where the Fe, Al, and Ti
content may be similar yet the carbonate species vary.

6. Conclusion

We have identified weathering mineralogy of igneous and

sedimentary lithologies and spectral reflectance features in the Vis-
SWIR regions that are unique to intrusive carbonatites. The bulk mi-
neralogy of the AVD carbonate rocks is very similar, yet lithographic
and XRD analyses have been applied to identify lizardite, vermiculite,
phlogopite, and melanite as unique minor phases in intrusive carbo-
nates. Chlorite and muscovite are more common in moderately altered
intrusive rocks than in other outcrops yet these minerals are also pre-
sent among some sedimentary lithologies and thus not as useful for
differentiation of carbonate petrogenesis.

Chemometric modeling and NDSI analysis of weathered surface Vis-
SWIR reflectance spectra have been used to determine the feasibility of
remote differentiation of igneous and sedimentary carbonates in humid
regions. The spectral analyses point to two regions as important for
lithology identification. In the Vis-NIR region, the 650–700 nm region
correlates strongly with trace element Cr and Ni as well as Fe and Ti.
The broad absorption found here in intrusive carbonates is attributed to
charge transfer between Fe and Ti and influenced by Ni crystal field
splitting in lizardite and spinel as well as Fe in several phases. In the
SWIR region, the carbonate feature centered near 2250 nm is more
intense among the intrusive rocks. The increased intensity is likely due
to the presence of magnesian lizardite and phlogopite and higher Mg
content in general.

The spectral features found here show that there is a strong po-
tential for remote detection of carbonatites and associated ore deposits
in humid regions subject to varying surficial weathering, even among

Fig. 9. Results plots from the Normalized Difference Spectral Index analysis.
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sedimentary carbonates. The low ratio of the indicator minerals within
the carbonatite lithologies and their complex reflectance signatures
make high spatial and spectral resolution remote sensing data ideal for
remote mapping in the study area. The hyperspectral Hyperion in-
strument on the EO-1 spacecraft has 5 bands centered in the
650–700 nm region and 3 centered near 2244, 2254, and 2264 nm that
could potentially differentiate the igneous carbonates. Yet, the 30-
meter resolution spatial resolution would prove challenging given the
small outcrop size and vegetation. Future work will apply these findings
to high-resolution hyperspectral data collected from an unmanned
aerial vehicle (UAV) platform.

The spectral signatures of carbonatite alteration products identified
in the AVD can be used to identify altered ultramafic-associated car-
bonatites elsewhere. Aillikite, kimberlite, and melilitite-clan carbona-
tites all feature mineralogies with the potential to produce spectral
features similar to the AVD.
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