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Abstract

A range of phyllosilicate compositions have been detected spectroscopically on Mars, but the
largest fraction by far corresponds to clay minerals rich in Fe and Mg. Given that most of our
understanding of Martian clays comes from remote sensing data, it is critically important to explore
the details of how compositional variation affects spectral features of phyllosilicates. The greatest
efforts have focused so far on near-infrared (NIR) spectroscopy. Recently, ambiguities have been
detected in the NIR spectra of 2:1 phyllosilicates with intermediate Fe-Mg content that preclude
mineral and chemical discrimination. Such ambiguities highlight the relevance of exploring the
visible spectral range as a complementary tool to characterize Martian phyllosilicates precisely.
This article reports the investigation of laboratory reflectance spectra (330-800 nm) from 34 Earth
analogues of Martian phyllosilicates with a wide range of Mg-Fe composition, including nontronite,
celadonite and saponite end-members, as well as interstratified glauconite-nontronite, talc-
nontronite, and talc-saponite. The spectra indicated the presence of Fe** by absorption modulations
and a decrease in total reflectance, especially in samples with tetrahedral Fe**. Absorption bands at
370 and 420 nm were diagnostic of octahedrically and tetrahedrally coordinated Fe**, respectively.
Band amplitudes in the second derivative of the Kubelka-Munk function correlated positively with
Fe** content (R? > 0.8). Standard color analyses of the visible reflectance spectra under the CIE
illuminant D65 indicated that the CIELAB color parameter a*;; was positively correlated with
tetrahedral Fe**, b*y, was positively correlated with octahedral Fe**, and L*3, was negatively
correlated with Fe** in both structural sites. Because Fe®* was in relatively low amount, it did not
provide clear spectral evidence. Multiple regression models using the amplitude of the diagnostic
absorption bands predicted well absolute Fe content in the phyllosilicates (R* = 0.89) and the ratio
Fe/(Fe+Mg+Al) (R* = 0.84). CIELAB color parameters improved the prediction of total Fe (R? =
0.92) and the ratio Fe/(Fe+Mg+Al) (R* = 0.93). Application of these analyses to Martian data has
challenges set by Fe oxide dust coating and spatial and spectral resolution. However, these results

mark an avenue to develop testable tools using visible-wavelength spectral data from both satellite
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and lander probes to help establishing Fe content and mineral identification of Martian

phyllosilicates.
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1. Introduction

Clay minerals formed by alteration of mafic rocks have variable amounts of Fe whose
determination is important for their mineralogical and chemical characterization. Reflectance
spectroscopy is a technique increasingly used because it allows remote-sensing identification and
characterization of mineral deposits both on Earth and in planetary bodies, including
ferromagnesian phyllosilicates (Blewett et al., 1995; Moroz et al., 2000; Fan et al., 2012; Carter et
al., 2013, Schafer et al., 2016). Particularly, the near-infrared range (NIR) has been used with
tremendous success in Mars exploration, where abundant phyllosilicate deposits have been
identified. Very succinctly, phyllosilicates are identified and characterized with NIR spectroscopy
using mainly the following absorption bands: one at 1.9 um, indicating the existence of hydration
water (a typical feature of fine-grained phyllosilicates), and bands of variable position around 1.4
um and between 2.18 and 2.35 um, corresponding to hydroxyl vibrations that change frequency
depending on the crystal-chemical environment of hydroxyl groups in the phyllosilicates (Bishop et
al., 2008a). In addition, hydration water also contributes a component to the 1.4 um band (Bishop et
al., 1994). So far, remote-sensing identification of the Martian phyllosilicates is based mainly on the
comparison between spectra of phyllosilicate end-members from libraries and Martian spectra. The
shortcomings of such an approach are obvious, because it can be expected that Martian
phyllosilicates will frequently have complex, intermediate compositions or appear in polymineralic
mixtures. Efforts are being carried out to increase our ability to characterize Martian phyllosilicate
phases with a wider or more complex range of chemical and structural features (Milliken et al.,

2010; McKeown et al., 2011; Cuadros and Michalski, 2013).

In particular, correlations between the octahedral chemistry and the position and intensity of NIR
hydroxyl bands have been carefully investigated in the Mg-Fe compositional range, including
nontronite and interstratified glauconite-nontronite, talc-nontronite, and talc-saponite (Michalski et

al., 2015; Cuadros et al., 2016). Authors concluded that substitution of both Fe** for Al and that of
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5
divalent cations for trivalent cations in dioctahedral phyllosilicates clearly displace the vibration of
hydroxyl bands to longer wavelengths, but that no band modification accompanies Fe®* substitution
for Mg in trioctahedral clays, which means that Fe detection and phyllosilicate identification with
NIR is unreliable in this latter case. Further, Fe-Mg phyllosilicates with a mixed dioctahedral and
trioctahedral composition (talc-nontronite, saponite-nontronite) cannot be distinguished from
nontronite. It is then desirable to develop complementary analyses that may help to discriminate

chemistry and mineralogy where NIR cannot.

In the visible spectral region there are also diagnostic features of the presence of Fe in minerals,
which have been explained using the crystal field theory (Burns, 1993). In particular, Sherman and
Vergo (1988) provided detailed absorption band assignments of electronic transitions to assist
interpretation of spectra from nontronites and other Fe-containing smectites. Their visible spectra
were dominated by the crystal field transitions of Fe** in octahedral coordination sites such as the
2[6Alg] — 2[4Tlg] transition, that produces an absorption band near 22000 cm™ (455 nm), attributed
to electron-pair excitation of magnetically coupled Fe®* cations. Other important octahedral Fe®*
transitions found by Sherman and Vergo (1988) were 6Alg — 4ng and 6Alg—>4Eg, producing,
respectively, bands at 15500 cm™ (645 nm) and 27000 cm™ (370 nm). In addition, an absorption
band around 23000 cm™ (435 nm) was assigned to the °A;—*E,*A; single-electron transition of
tetrahedrally coordinated Fe®*. In this case, the electronic transition is Laporte-allowed, which
means a much greater absorption coefficient than for transitions of octahedrally coordinated Fe*.
One more band described by Sherman and Vergo (1988) was that at 14000-15000 cm™ (666-714
nm) in a saponite and a montmorillonite, that they assigned to intervalence charge transfer Fe?* +
Fe** — Fe** + Fe?". Intervalence charge transfer has also been described near 13700 cm™ (730 nm)
in the spectrum of a reduced nontronite (Lear and Stucki, 1987). The high intensity of the 435 nm
band of tetrahedrally coordinated Fe®" is illustrated by the fact that the existence of such absorption

band made a saponite dark brown rather than green, as expected for a mixed-valent saponite with



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

6
Fe?* and Fe*" in octahedral coordination (Sherman and Vergo, 1988). Indeed, color in minerals is
mainly controlled by absorptions in the visible wavelength range, although is also modified by other

factors such as particle size and surface roughness (Burns, 1993; Sanchez-Marafion et al., 2004).

There is widespread use of the visible spectral range in the identification and quantification of Fe
oxides, oxy-hydroxides, and hydroxy-sulfates by examining the shape of diffuse-reflectance spectra
(Bishop and Murad, 1996), analyzing the position and intensity of the crystal field bands (Sanchez-
Marafion et al., 2015), and calculating color parameters (Scheinost and Schwertmann, 1999; Torrent
and Barron, 2002; Sellitto et al., 2009). The successful application of visible spectroscopy to Fe
oxides and oxy-hydroxides, with structural similarities to phyllosilicates, suggests that the same
approach is viable for the latter. Indeed, the absorption bands of octahedral Fe** in nontronite have
similar wavelengths to those of the ferric oxides and oxy-hydroxides (Sherman and Waite, 1985;
Scheinost et al., 1998). One may expect color to be a diagnostic and quantifiable feature of the

amount and position of Fe** in phyllosilicates.

The reliability of visible spectroscopy and colorimetric methods to investigate Fe in phyllosilicates
is finding confirmation. A plethora of research articles on the mineralogy of planetary materials and
Earth analogs has addressed the interpretation of extended visible-region spectra (400-1000 nm),
although most of these were concerned with finding a set of spectral indices of chemical and
mineralogical composition without colorimetric meaning (Morris et al., 2000; Farrand et al., 2008;
Schafer et al., 2016). Further to this, the chromophore effect of Fe structurally bound in clay
minerals, which reduces their brightness (Mussel et al., 2008), is well-known, and a number of
studies have proved the merit of colorimetry in identifying the presence of Fe in phyllosilicates with
minor and trace contents. Quantitative analyses of the color of clays using a standard observer and a
standard illuminant in the CIELAB color space (CIE, 2004), showed inverse correlations (P <

0.001) of the Fe** content with L*;o (lightness) and has1o (hue-angle), as well as positive
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7
correlations with a*;p and b*1p (chromatic coordinates) in talc (Soriano et al., 1998; Soriano et al.

2002) and kaolinite (Gamiz et al., 2005; Gamiz et al., 2011; Bouzidi et al., 2014).

The objective of the current study was to analyze the visible-region reflectance spectra of 2:1
phyllosilicates with a wide range of chemical composition and complex structural features, from
nontronite and glauconite to talc and saponite, both end-member and interstratified phases, in order
to evaluate their Fe content using crystal-field band positions and color parameters. The results of
this study are of particular interest for investigation of phyllosilicates on Mars, as they may provide
alternative and complementary evidence to remote-sensing NIR and chemical and mineralogical

techniques in landers.

2. Samples and methods

Thirty four samples were investigated, consisting of the following end-member and interstratified
phyllosilicates: nontronite, celadonite, saponite, glauconite-nontronite, talc-nontronite, and talc-
saponite (Table 1). Four samples are of continental origin (Glauconite 97, Nontronite 33B,
Nontronite 51, and CRB 03-026; hereinafter named continental samples), whereas the rest
originated in submarine hydrothermal fields. Their specific origin, determination and discussion of
their mineralogy, chemical composition, and crystal-chemical structure are in Cuadros et al. (2013).
Their results are summarized in Table 1. The samples cover a range of Mg-Fe chemical
composition in the mineral series talc/saponite (Mg-rich) to celadonite/nontronite/glauconite (Fe-
rich). They were investigated as proxies for the Mg/Fe-rich smectitic phyllosilicates found on Mars
(Michalski et al., 2015; Cuadros et al., 2016). Some of the samples contain two or more
phyllosilicate phases, both end-members and interstratified phases (e.g., sample M64/1 139GTV-

5E [Turtle pits] contains three talc-saponite phases and one saponite end-member).
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8
The clay samples were ground manually in an agate mortar during 10 min until a fine,
homogeneous powder was obtained. Approximately 100 mg of each sample were prepared as a
loose powder in a 1-cm diameter sample cup under ambient air atmosphere. The spectral reflectance
factor from each sample was recorded using a bi-directional spectrometer at Reflectance
Experiment Laboratory (RELAB, Brown University, Rhode Island, U.S.A.) in the 330-2540 nm
range at a resolution of 10 nm. The bi-directional reflectance factor is defined as the ratio of the
radiant flux reflected by the sample surface to that reflected in identical conditions by a standard
nearly-Lambertian diffusing surface with reflectance close to 100% (Baumgardner et al., 1985). Bi-
directional reflectance measurements usually have the contribution of both specular and diffuse
reflectance, however, the small particle size and rough surface (loose packing) of the samples
minimized the specular contribution. The measurements were carried out using an incident beam at
30° and a reflected beam at 0° from the normal to the sample surface. The sample cup was rotated
during the analysis. A quartz halogen lamp was used as the light source and pressed Halon as the
standard diffusing surface. We selected the spectral range 330-800 nm to analyze the standard

visible range (380-780 nm according to CIE, 2004) and its near surroundings.

We first compared the shape of the spectral curves (reflectance factors vs. wavelength values) and
their intensity. Second, we investigated the second derivative of the absorption (not reflectance)
spectra from the samples in order to locate the absorption band positions with higher accuracy. For
this, from the values of reflectance factors R, we calculated the Kubelka—Munk function K/S =

(1-R)?/2R (Eq. 1), which determinates the ratio of absorption (K) to scattering (S) at different

wavelengths. Assuming that the scattering coefficient has only a small variation with wavelength
over the range of interest, the K/S curve can be used as an absorption spectrum (Sherman and
Waite, 1985). The second derivatives of the K/S data were calculated using the OriginPro v. 7.5
software (OriginLab Co, MA). Spectral filtering with the Savitzky-Golay method (Savitzky and

Golay, 1964) significantly reduced high frequency noise without degrading the shape of the
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9
derivative spectra. This method smoothes the second-derivative curve by performing a local
polynomial regression around each point. We used 5th-order polynomial curves that included 5
points of the curve in each local polynomial regression. The second derivative enhances the
resolution of K/S curves and the position and intensity of the absorption bands are more easily
determined. The absorption bands appear as minimum values in the Kubelka-Munk second-
derivative curves. To obtain an intensity index of each band, we used the amplitude (A) between its

minimum value (center of the band) and maximum subsequent value (Scheinost et al., 1998).

Finally, from the measured spectral reflectance factors R between 380 and 780 nm, we calculated
the CIELAB color parameters L*jp, a*10, b*10, C*a10, and hgp10 for each sample, using the
equations provided by the International Commission on lllumination (CIE), assuming the CIE D65
illuminant (artificial daylight with a correlated color temperature of 6500 K) and the CIE 1964
standard colorimetric observer (numerical description of the average human eye’s color response),
as recommended at CIE (2004). Although these parameters will not represent the colors observed
anywhere on Earth or Mars, because of the multiple light variations caused by the composition and
conditions of the corresponding atmospheres (Sanchez-Marafion et al., 2011), the assumption of
D65 illuminant and CIE 1964 observer is a CIE standard procedure that allows coherent
parameterization of color. The CIELAB parameters represent color as a vector from a set of normal
three-dimensional coordinates. The parameter L*;p, designated as lightness, represents the
achromatic perception in a grey scale ranging from 0 (black) to 100 (white). The parameters a*yo
and b*jp are the chromatic coordinates and they represent the amount of red (+a*;o) or green

(—a*1), and the amount of yellow (+b*10) or blue (—b*y) in a given color. Alternatively, the

parameters a*;o and b*;y can be substituted by hue-angle (hap10) and chroma (C*ap10), Which are
polar coordinates (CIE, 2004). C*4, 19 is the relative strength of a color, measured as the length of
the projection of the color vector on the a*10b*1p plane (perpendicular to the L*;o coordinate), and

hap 10 1S the angle between the vector projected on the a*;ob*10 plane and the +a*;, axis.
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Pearson’s correlation and regression analyses between Fe content from chemical data of Cuadros et
al. (2013) (Table 1), the band amplitudes of the second derivatives of the Kubelka-Munk spectra,
and the calculated CIELAB color parameters were performed with Statgraphic Centurion XVI
(Statpoint Technologies, Inc., Warrenton). The data distributions were first tested for normality.
Multiple linear-regression models for the prediction of Fe content (Table 1) from spectral data were
constructed by using the forward stepwise analysis. The entry of variables into the models was

controlled by an F-ratio criterion of 4 (Schabenberger and Pierce, 2002).

Several remote-sensing images and spectra from Mars were used to discuss the application of the
above spectral analysis to Martian data. Three HIRISE (High Resolution Imaging Science
Experiment) images were used from the following areas of Mars: Mawrth Vallis (image
PSP_006742_2050; two parts of this image were used), Nili Fossae (image ESP_040113 1995) and
Eridania basin (image ESP_012945 1450). The visible-range spectra of these three HIRISE images
were also used. CRISM (Compact Reconnaissance Imaging Spectrometer for Mars) visible and NIR

spectra from Marwth Vallis were used from the image FRT000094f6.

3. Results

3.1. Reflectance spectra

The shape of reflectance spectra was qualitatively well correlated with the clay mineralogy (Figure
1). Nontronite, talc-nontronite (T-N), and glauconite-nontronite (G-N) samples had low reflectance
at short wavelength; the reflectance increased in the range from 380 to 500 nm (wavelengths
corresponding to blue), followed by a peak or change of slope (shoulder) at ~580 nm. This
wavelength corresponds to reflectance of green. From 580 nm to longer wavelengths, moving into
yellow and red, the reflectance progressively increased in nontronite (Figure 1a) and T-N samples

(Figure 1c) but it dropped in the G-N samples (Figure 1b). The two continental samples, Nontronite



230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

11
33B and the T-N Nontronite 51 (with 24% of interstratified talc, Table 1) had greater reflectance
values throughout the spectrum and more reflectance modulations below 500 nm than submarine
nontronite and T-N (Figure 1a,c). Subtle differences were also observed between the spectra of the
continental glauconite (Glauconite 97), that has little nontronite (4% layers, Table 1), and the rest of
G-N samples of submarine hydrothermal origin, all of which contain greater nontronite
concentration (23-68% layers, Figure 1b). In the latter group the maximum reflectance was at 580
nm, whereas for the continental glauconite was at 560 nm. Continental celadonite with 25% of
saponite (CRB 03-026) had a similar spectrum to those of T-N (Figure 1c). Spectra of the
submarine samples of the talc-saponite (T-S) group (Figure 1d) had a more or less continuous
increase of reflectance from 380 to 800 nm, although a few samples showed spectral modulations,

mainly at 500-600 nm. The total reflectance of the spectra in this group was very variable.

The group of G-N spectra is the most homogeneous in shape and reflectance factor (Figure 1). The
spectral differences between continental and submarine samples in the nontronite and T-N groups
(Figure 1a,c) may be related to the lack of tetrahedrally coordinated Fe** in samples with a
continental origin (Nontronite 33B and Nontronite 51, Table 1). Within the T-S group, those
samples with spectral modulations also had a relatively larger Fe** content (Figure 1d and Table 1),
whereas samples with low Fe/Mg ratios (Table 1) were characterized by a greater total reflectance,
especially at 600-800 nm (Figure 1d). Finally, the spectra of samples with interstratified T-N
(Figure 1c), which have intermediate dioctahedral-trioctahedral composition and abundant Fe and
Mg (Table 1), were similar to submarine nontronite spectra (Figure 1a), suggesting the predominant
influence of Fe®" in shaping these spectra. In summary, the main controls of light absorption in the

samples seem to be Fe** content and location in the crystal lattice.

3.2. Second derivative of absorption spectra
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The analysis of the second derivative of the Kubelka-Munk spectrum (or absorption spectrum)
allows the detailed investigation of spectral absorption bands. The positions of the minima
(absorption maxima) of the second-derivative of K/S calculated with the Kubelka-Munk function
were similar for most samples (Figure 2). The spectra showed two well defined absorption bands,
one near the lower limit of the visible region at 370 nm and another at 420 nm, as well as a broader
band centered near 500 nm (position between 490 and 520 nm; Figure 2). According to the
assignments of Sherman and Vergo (1988) described in the introduction section, the minima in the
second derivative spectra of our samples at 370 and ~500 nm could be produced by Fe** in an

octahedral field, whereas the band at 420 nm would result from Fe** in tetrahedral coordination.

The band at 420 nm did not appear in the two continental samples Nontronite 33B and Nontronite
51 (Figure 2a,c), which have no tetrahedral Fe** (Table 1). In addition, these two samples had the
absorption band of octahedral Fe** at ~450 nm, rather than 490-500 nm, in better agreement with
the position found by Sherman and Vergo (1988) for other continental nontronites (~22000 cm™ or
455 nm). As the submarine nontronite (Figure 2a) and T-N (Figure 2c) samples all have tetrahedral
Fe**, the assignment of the 420 nm band to tetrahedral Fe** is confirmed. Further, in the continental
Nontronite 33B and Nontronite 51 there was no band at 370 nm but at 380 nm, and with low

intensity (especially in Nontronite 51).

Most nontronite and G-N spectra had a weak and broad absorption band near 650 nm (Figure 2a,b),
probably due mainly to additional transitions in octahedral Fe** (645 nm) but perhaps also to Fe?*
— Fe** charge transfer (666-714 nm) (Sherman and Vergo, 1988). The proximity of absorption
bands from these two assignments and the poor definition of the band in the second derivative
spectra prevents its precise attribution. Finally, the T-S samples had low-intensity second-derivative
minima (Figure 2d), in agreement with their lower Fe content. Although there was significant Fe?*

content in some T-S samples (as determined from Mdssbauer spectroscopy, Table 1), there was no
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band that could be assigned exclusively to this reduced Fe form (there is the possibility of Fe?* —

Fe** charge transfer, as indicated above).

The band intensities in the second-derivative curves were measured using the amplitude of the peak
from the ~370 nm minimum to the following maximum at ~400 nm; the amplitude from the ~420
nm minimum to the next maximum at ~450 nm; and from the ~500 nm minimum to the next
maximum at ~560 nm. These three amplitudes are referred as As7o-00, Aa20-450, and Asgo-560,
respectively. The samples Nontronite 33B (green spectrum in Figure 2a) and Nontronite 51 (red
spectrum in Figure 2¢) were not used in the calculation of Aszg-400 and Agz0-450 because they lacked
these bands (Figure 2), as indicated above. In addition, the overall shape of their second-derivative
spectra were different, as their most prominent feature was not the minimum value corresponding to
the ~370 nm band, but a maximum positive value at ~360 nm. Also, their bands at ~500 nm
appeared little developed and displaced from the position in the bulk of the spectra, and thus these

two samples were also omitted in the Asgo-s60 analysis.

The amplitude measurements were strongly correlated with the Fe content of the samples, as
indicated by the coefficients of determination (R?) of the regression models (Figure 3). More
specifically, As7o.400 and Asooss0 Were correlated with octahedral Fe®*, whereas Aszouso did with
tetrahedral Fe**. Thus, there was further support for the assignment of the bands to octahedral and
tetrahedral Fe** by Sherman and Vergo (1988), although some of the band positions did not exactly
match those indicated by these authors. The regression equations of Asz-a00 and Asz-450 With total
Fe** content were also highly significant (R = 0.83-0.86), most probably because, in our samples,
the contents of octahedral and tetrahedral Fe** were positively correlated (r = 0.78, P < 0.05, n =
34). Asoo-s60 had the lowest correlation with total Fe**, which is consistent with the lower intensity
and definition of the absorption band near 500 nm (Figure 2). Finally, the relations between band

amplitudes and total Fe were as good as with Fe**, indicating the relative low contribution of Fe** to
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the total amount of Fe (on average 6%, n = 34). Given that octahedral and tetrahedral Fe** contents
were well correlated with, respectively, As7o400 and Augzoaso, the combination of these two
measurements predicted total Fe content (Figure 4a) and total Fe** content (not shown) with equal
and great accuracy. When applying this correlation to unknown samples in order to predict their Fe
content from their spectral data, it will be easier to use cation ratios rather than Fe content in the
structural formula. For this reason, the multiple regression was also developed for the ratio

Fe/(Fe+Mg+Al) (Figure 4b).

3.3. Clay color

This section describes numerically the colors of the 34 samples in the CIELAB color space, under
the standardized experimental conditions of CIE illuminant D65 and CIE 1964 observer (Table 2).
The main variation in the color of samples corresponded to lightness, with L*;o values between
29.27 (darkest) and 85.84 (lightest). Although the chromatic coordinate a*;o presented lower values
(-6.18 to 12.79) than b*yo (4.37 to 32.71), their variations generated a wide range of hue-angles
from reddish (hap10 = 56.59°) to greenish (124.15°) passing through a yellowish hue-angle (near
90°), which is by far the predominant hue in the samples. The chroma parameter, C*,p 10, ranged
5.28-33.29. In order to visualize the distribution of the three CIELAB coordinates a*1o, b*1o, and
L*10, the samples were represented in a casement scatter plot for different L*yo levels (Figure 5). By
comparing this plot with Table 1, it can be seen that the arrangement of samples in Figure 5 did not
exactly represent Fe content and its location in the structure of the phyllosilicates but, roughly,
indicated that: (1) lightness (L*10) increased with decreasing Fe, except in the case of the two
continental samples Nontronite 33B and Nontronite 51; (2) the amount of yellow (b*10) increased
with Fe**; and (3) the amount of red (a*1o) increased with tetrahedral Fe** content, all of which
suggests that the amount of Fe** could be the most influential variable on the CIELAB color
parameters of these clays. These interpretations were supported by a statistical analysis based on

variable correlations including all CIELAB parameters and Fe content variables (Table 3). The
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amount of Fe?* was not significantly (P < 0.05) correlated with CIELAB color parameters.
Lightness L*;, was inversely correlated with Fe**, regardless of its position in the tetrahedral or
octahedral sheet. The parameters a*;o and hgp 10 (inversely correlated to each other) were correlated
with tetrahedral Fe**, whereas b*;, and C*,,10 did mainly with octahedral Fe®*. On average, 80% of
the total Fe was octahedrally coordinated Fe**, which is the reason why total Fe had a higher
positive correlation with b*1;p and C*y, 10 than with a*1o and hg, 10 (the correlation coefficient of

Total Fe and hg, 10 Was not significant at P < 0.05 [r = -0.24] and, therefore, is not listed in Table 3).

A multiple regression model using the CIELAB color parameters predicted with high accuracy both
Fe content in the structural formula (Figure 6a) and the relative proportion Fe/(Fe+Mg+Al) in the
studied phyllosilicates (Figure 6b). Iron content in both regressions was mainly dependent on L*y
and b*1o. These variables, L*1o and b*;o, explained 90% and 86% of the variation of total Fe and
Fe/(Fe+Mg+Al), respectively, indicating an increase in the Fe content with increasing darkness
(lower L*15) and yellow chromaticity (greater b*;0) in the samples. The input of a*jp (red
chromaticity) in the regression model only explained 2% and 7% of the variation of the dependent
variable and its interpretation is complex. Considering that tetrahedral Fe®** was positively
correlated with a*3o (Table 3) and that tetrahedral Fe®** and total Fe were also positively correlated
(Table 3), one would expect that the model would involve an increase of a*;o with increasing Fe
content. This was not the case, however. Two reasons can be advanced now for this result. One,
because the variations generating the two correlations above do not take place in the same samples.
Second, because a*ip has negative values in some cases (whereas all other parameters are always
positive, Table 2) and this affects the sign of the corresponding coefficient in the equations of
Figure 6. This question will be further discussed in the following section. If the parameter a*y, is
not included in the correlations, the resulting equations are the following: Total Fe = 1.85 - 0.038

L*10 + 0.078 b*10, R?= 0.90, and Fe/(Fe+Mg+Al) = 0.678-0.014 L*1o + 0.031 b*1o, R*=0.86.
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4. Discussion
4.1. Evaluation of the results
The two types of analysis performed were able to produce physically meaningful results and predict
Fe content in the samples. Overall, the analysis with the CIELAB parameters was more successful
for two reasons. First, this analysis could incorporate all samples, whereas the investigation of the
second derivative of the Kubelka-Munk equation could not incorporate Nontronite 33B and
Nontronite 51. In these two samples the bands at 370 and 420 nm were replaced by bands at higher
wavelengths, and the second-derivative spectra had a clearly different shape (Figure 2a,c). From the
assignments of Sherman and Vergo (1988) it is deduced that the 420 nm band is absent in
Nontronite 51 and 33B because of their lack of tetrahedral Fe**. Instead, the 450 nm band due to
octahedral Fe** was observed. We have no information to interpret the replacement of the 370 nm
band by the 380 nm band. In any event, these results indicate that phyllosilicates have structural and
compositional modifications causing spectral variations that may hinder the universal applicability
of this analysis. It is hoped that progress in the understanding of how the spectral modifications are
generated will eliminate this difficulty. At this point, the CIELAB parameter approach appears as

more generally applicable.

In the second place, the color investigation produced correlation equations that predicted Fe content
better than the second-derivative approach (Figures 4 and 6). At the upper range of Fe abundance,
the color analysis produced very accurate Fe content results, and showed a good sensitivity to Fe
content (Figure 6). The second-derivative analysis, however, had low sensitivity in this area, with
data points of similar observed Fe content spreading over a wide range of predicted values (Figure
4). In the lower half of Fe abundance values, both analyses performed more similarly, with a clear

loss of sensitivity of the color approach with respect to the upper Fe content range.



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

17
The CIELAB color parameter analysis has a weakness due to the ambiguous contribution of the
parameter a*yo. This parameter has a negative coefficient in the equations predicting Fe content in
the samples (Figure 6), which appears as counterintuitive. The parameter a*;o (red chromaticity)
increases with tetrahedral Fe (Table 3). In our samples, tetrahedral Fe and total Fe contents have a
weak positive correlation (Table 3). It may seem logical to assume that, generally, these two values
will be positively correlated in phyllosilicates. Interestingly, however, Kaufhold et al. (2017)
investigated nine smectites from bentonites with the range of Fe content 1.2-11.0 wt% Fe,O3 and
found no correlation between total and tetrahedral Fe. According to the Fe content in these
smectites, none of them was a nontronite. Rather, they were in the range montomorillonite to Fe-
rich montmorillonite. Nonetheless, the correlation between total and tetrahedral Fe appears to
develop where the Fe content is high. Thus, Gates et al. (2002) determined values from 14
nontronites, where they found a threshold of total Fe content beyond which tetrahedral Fe first
appeared and then increased. If all samples are considered (below and above the total Fe threshold),
there is a correlation between the two variables with r> = 0.65 (our calculations), whereas
considering samples only beyond the threshold of Fe content the correlation between total and
tetrahedral Fe has r*> = 0.81 (our calculations). One more study of only four samples covering a
large range of Fe abundance, a montmorillonite, an illite and two glauconites, provided tetrahedral
and total Fe contents with a very high correlation (r* = 0.98, our calculations) (Johnston and
Cardile, 1987). The assignment of Fe to tetrahedral sites is not straightforward, however the articles
cited above were addressing such difficulty and used careful investigations with one or several

complementary techniques.

All the above studies compared samples of dioctahedral composition only. The data in the present
study include dioctahedral (nontronite, G-N), trioctahedral (T-S) and intermediate composition (T-
N, Cel). A plot of total versus tetrahedral Fe of these samples revealed that the two variables are

correlated, although with separate correlations for each group of minerals (Figure 7). There is a
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threshold of Fe abundance for the occurrence of tetrahedral Fe, but interestingly, this threshold is
different for each group of samples and increases from trioctahedral to dioctahedral compositions.
The results in Figure 7 show in a new light the compositional-structural control on the admittance of
Fe into the tetrahedral sheet of 2:1 phyllosilicates. The larger b crystallographic parameter of
trioctahedral phyllosilicates allows an almost indifferent distribution of Fe** between tetrahedral
and octahedral sites, whereas in dioctahedral phyllosilicates, with a smaller b crystallographic
parameter, Fe** is preferentially located in the octahedral sites (e.g., Heuser et al., 2013). These
results also explain the weak correlation between tetrahedral and total Fe contents when all the
samples are considered together, and provide the apparently fundamental reason why the color
parameter a*;p is an ambiguous contribution towards the prediction of total Fe content. For
example, the approximate similar red chromaticity (produced by tetrahedral Fe content) should be
present in samples with similar tetrahedral Fe, but this corresponds to different total Fe contents in
trioctahedral and dioctahedral samples (Figure 7). The differences between mineral groups,

however, decrease as Fe abundance increases (Figure 7).

From the above discussion, it can be concluded that the chromatic contribution of tetrahedral Fe to
the prediction of total Fe content in phyllosilicates is somewhat erratic for phyllosilicates with low
Fe content or where trioctahedral and dioctahedral phyllosilicates are measured together. The
contribution, however, becomes more robust as the total amount of Fe increases. This is a plausible
explanation of why the CIELAB color parameters performed better in the prediction of Fe at high

values than at low ones (Figure 6).

Most of the investigated samples have low or no Fe?* content (Table 1). No specific band that could
be assigned to Fe?* exclusively was found. Octahedral Fe** did not correlate significantly with any

other Fe variable or color parameter (Table 3). For all these reasons, Fe** could not be included in
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the regression equations to predict Fe content. Other studies of phyllosilicates with high proportion

of Fe®* will be necessary to extend the investigation.

The use of the second derivative of the absorption spectrum to investigate Fe in Martian
phyllosilicates would require a simple mathematical manipulation of the spectrum. It will be
necessary that the spectrum has the appropriate wavelength range, resolution and signal-to-noise
ratio, and has been corrected for possible atmospheric modifications. There might also be need to
calibrate the measured amplitudes on Martian spectra to have them fit the regressions in Figure 4,
which could be done using amplitude ratios, rather than absolute amplitude values. The use of color
analysis on Mars will have similar requirements. Another second-derivative study of the visible
spectrum of the Martian surface is known to the authors, although of different characteristics.
Bishop et al. (1998) investigated the mineral composition of Martian soils in terms of Fe oxides,
oxy-hydroxides and oxy-hydroxysulfates, and Fe-smectites, focusing on features from 600 to 750

nm. Whereas this study had a different scope, it shows that this type of investigation is possible.

4.2. Framework for the investigation of Fe in Martian phyllosilicates with visible spectroscopy

Infrared remote sensing has revealed that phyllosilicates are present throughout the ancient Martian
crust (Carter et al., 2013). The position and shapes of OH and metal-OH vibrational absorptions
observed in the 2.18-2.4 um wavelength range indicate that Mg-, Al-, and Fe-rich clay minerals are
present but that most of the deposits could be relatively Fe-rich (Michalski et al., 2015). Most of the
NIR data have been obtained with two instruments: the Obervatoire pour [’Eau, la Minéralogie, les
Glaces et I'Activit¢e (OMEGA) and the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM). Both of these instruments are visible-near infrared imaging spectrometers covering an
approximate wavelength range of 0.45-4 um (450-4000 nm). However, phyllosilicate analyses with
either instrument are generally carried out with the NIR data (1-4 um), not using data in the visible

range.
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NIR remote sensing on Mars allows to determine the mineralogy and octahedral composition of a
wide range of phyllosilicates because the position and shape of the hydroxyl band at 2.18-2.4 um
(also, but less so, the band at ~1.4 um) are sensitive to these two variables. However, recent
investigation has pointed out that the position of the 2.18-2.4 um band is not sensitive to
compositional changes between (1) Fe-rich dioctahedral phyllosilicates and Mg-rich trioctahedral
phyllosilicates with some Fe, both of which would have bands in the range 2.28-2.31 um
approximately, or (2) between trioctahedral phyllosilicates with a range of Fe-Mg substitution
(Michalski et al., 2015; Cuadros et al., 2016). Color investigation of phyllosilicate deposits would
be useful to assess Fe content and thus constrain the composition and nature of deposits with NIR
OH bands in the indicated range. Our analyses of the visible-region spectra in the same
phyllosilicate samples studied by Cuadros et al. (2016) have shown that the absorption bands at
370, 420, and 500 nm, and the CIELAB color parameters a*1g, b*19, and L*;o are sensitive to Fe
content, in both dioctahedral and trioctahedral phyllosilicates. The visible range of the spectrum has

the potential to be used complementarily with NIR in the investigation of Martian phyllosilicates.

There are, however, some complications in the use of the visible spectral range on Mars. One major
issue is the fact that fine-grained silicate dust containing nanophase Fe-oxides (Morris et al., 2000)
occurs throughout the planet’s surface, giving it an ochre color. Some surfaces are completely
blanked by dust and others contain only patchy deposits (Ruff and Christensen, 2002) but, in every
case, dust needs to be considered as the possible major contributor to surface color. Spectral
analyses aimed to evaluate the substrate mineralogy must be carried out with caution. In addition,
the visible bands of Fe oxides and oxy-hydroxides are located closely to the important bands of
octahedral Fe** bands in phyllosilicates, with the further complication that those of Fe oxides and
oxy-hydroxides have greater absorptivity (Sherman and Waite, 1985; Sherman and Vergo, 1988;

Scheinost et al., 1998). Further problems may be the insufficient spectral and/or spatial resolution of
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the data coming from Mars along the entire visible region, depending on the instrument acquiring

the data.

Several instruments, orbiters and landers, have provided or continue acquiring visible-range
spectroscopic data from Mars. They typically cover the range 400-1000 nm. Spectral resolution
ranges from high (~7 nm for OMEGA and ~0.7 nm for CRISM) to intermediate (~50 nm for
instruments on rovers such as Imager for Mars Pathfinder, Pancam on Opportunity and Spirit, and
Mastcam on Curiosity) and low (average resolution ~130 nm for the orbiter HIRISE). Intermediate
to low spectral resolutions can miss features and hinder spectral analysis such as the second-
derivative study in this article. Instruments with intermediate to low spectral resolution, however,
have the advantage of their much greater spatial resolution, at the cm scale or below. In comparison,
OMEGA and CRISM have spatial resolutions of 300-4000 m and tens of meters, respectively. High
spatial resolution facilitates the investigation of surfaces free from dust, ensuring that Fe oxides and

oxy-hydroxides do not interfere with the investigation of phyllosilicates.

HIiRISE data have been used before to extend clay mineralogy observed in CRISM data to much
higher spatial resolution using color differences (Bennett et al., 2012). For example, the Mawrth
Vallis region of Mars contains Al-rich clays and Fe*-rich clays (Bishop et al., 2008b). In a
particular location (Figure 8a), CRISM NIR data clearly show vibrational OH and metal-OH
absorptions indicative of the different clay minerals (bands at 2200 nm for Al-rich, at 2300 nm for
Fe-rich; Figure 8c). The corresponding CRISM visible data of the same surfaces are mostly
featureless, but they do show differences in slope related to mineralogy (Figure 8b). The visible
spectrum of Al-rich clays had higher reflectance in the blue-green wavelengths and lower in the red
ones than the Fe-rich clays. This relationship is made clearer using HiRISE data (Figure 8d), which

show the blueish hue of the Fe-poor (Al-rich) clays and reddish hue of the Fe-rich clays.
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HIiRISE data calibrated to I/F (similar to reflectance) of other well studied phyllosilicate deposits
showed additional diversity (Figure 9). Here, there is much higher spatial resolution (0.25 m/pixel)
than in the CRISM data (tens of meters per pixel), but the spectral resolution is lower with only
three channels (on average: 500 nm, 700 nm, and 900 nm). The two spectra from Mawrth Vallis
follow the same pattern in relation to Al-Fe composition as in Figure 8. The formation of Fe/Mg-
and Al-phyllosilicates in Mawrth Vallis has been proposed to be caused by processes ranging from
underground hydrothermal alteration (especially Fe/Mg-clay) to supergene alteration of basalt or
previous clay (especially Al-clay) (Ehlmann et al., 2011; Michalski et al., 2013; Carter et al., 2013).
Phyllosilicates in the Eridania basin, which are interpreted to have formed in a hydrothermal
seafloor environment (Michalski et al., 2017), have lower overall reflectance in HiRISE data than
phyllosilicates from the Mawrth Vallis. This fact may be due to the presence of tetrahedral Fe in the
Eridania phyllosilicates and its absence in those of Mawrth Vallis, as such appeared to be an
important control of spectrum reflectance in our samples (compare Nontronite 33B and Nontronite
51 with the other samples, Table 1, Figure 1). The Eridania materials are high in Fe and Mg
(Michalski et al., 2017), and would be comparable to our submarine hydrothermal T-N, G-N and
Fe-rich T-N. The Nili Fossae phyllosilicates containing Fe and/or Mg (Mangold et al., 2007), which
are also likely of hydrothermal origin (Ehlmann et al., 2009), have even lower overall reflectance,
which might indicate a higher total tetrahedral and total Fe content than in Eridania. Indeed, a
combination of mid-infrared and NIR analyses concluded that the Nili Fossae clays could be

extremely Fe-rich (Michalski et al., 2010).

In summary, although with low spatial resolution (CRISM data) and only at crude spectral
resolution (HIRISE data), these few examples of spectral curves from Mars phyllosilicates appear
comparable to our spectral dataset of phyllosilicates from Earth (Figure 1). The Martian spectra
show a variability of spectral characteristics in the visible range that may be linked to Fe content

and structural sites in the phyllosilicates and to the specific environment where they formed, as do



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

23
the Earth samples from our study. These findings are encouraging to test spectral and color analysis
on Martian rocks. The laboratory analyses in the visible range presented here could potentially
apply to spectra from Martian phyllosilicates to assess their Fe content. The main current problems
for this application are the following. There is not the same coverage at the short wavelength of the
spectrum in Mars data (most frequently starting at 400 nm, although CRISM covers from 362 nm)
as there is in laboratory studies, meaning that some of the indices employed in this article may not
be calculated. The spectral resolution of most of the various Mars datasets are coarser than those
from the laboratory, so that application of the parameters from this study might require some
calibration or modification. In addition, the studies will require ascertaining that the investigated
rocks are sufficiently free from Fe oxides and oxy-hydroxides, as well as from other interfering
phases. This latter task is easily performed in investigations carried out with data from landers,
given the proximity and size of the targets, and it is also feasible in data from orbiters where it is

possible to combine results from several complementary techniques.

5. Conclusions

Spectral data in the visible region have shown to be useful for identifying quantitatively the
presence of Fe** in simple end-members and complex mixtures of end-member and interstratified
phyllosilicates with a wide range of Fe content and including dioctahedral, trioctahedral, and
intermediate dioctahedral-trioctahedral compositions. Two approaches were used, one based on the
amplitudes of certain bands in the second derivative of the Kubelka-Munk spectrum, the other
based on the calculation of CIELAB color parameters from the reflectance spectrum. The color-
parameter approach produced marginally better results and was more universally applicable than the
second-derivative approach. It was also possible to detect the existence of Fe*" in octahedral and
tetrahedral positions with both methods. Octahedral Fe** was manifested by a 370 nm band and
yellow chromaticity indicated by the CIELAB parameter b*y,. Tetrahedral Fe** was revealed by a

band at 420 nm and red chromaticity indicated by the CIELAB parameter a*;,. However, the
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contribution of red chromaticity to the prediction of total Fe content is complicated by the fact that
phyllosilicates of dioctahedral and trioctahedral composition have different behavior in the
distribution of Fe>* between tetrahedral and octahedral sites (e.g, similar red chromaticity, or
tetrahedral Fe content, correspond with different total Fe content in dioctahedral and trioctahedral
compositions). The color parameter lightness (L*1o) is inversely related with Fe®*, regardless of its
structural position. Many of the samples contained little or no Fe®* and this precluded finding

parameters or bands identifying Fe*".

A few Mars spectra selected from areas where Fe-rich phyllosilicates exist provide a spectral
variety similar to that found in the investigated phyllosilicates from Earth. Full test of the
applicability of the results from this study to the investigation of Fe on Mars will require
appropriate wavelength coverage and spectral resolution from Mars datasets, as well as guarantee of
lack of interference from the widespread Fe oxides. However, the variability of the Martian visible

spectra examined here is encouraging to follow this line of investigation.
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Table 1. Mineralogy and chemical formulas of the phyllosilicate samples calculated on
the basis of O1o(OH), (Cuadros et al., 2013).

Sample Min % DiSmec % TriSmec Si Altet Fetet Aloct Mgoct Felll Fell Mn Ti Mgintl Ca Na K  Sumoct
Va22-146KS (1144- G-N 68 3.93 0.05 0.02 0.00 0.25 1.69 0.05 0.00 0.00 0.00 0.00 0.12 0.25 2.00
1145)
Va22-146KS(612- G-N 59 3.68 0.09 0.23 0.02 0.20 1.79 0.00 0.00 0.00 0.00 0.09 0.00 0.27 2.02
614)
Va22-146KS(588- G-N 56 3.73 0.00 0.27 0.05 0.17 1.73 0.04 0.00 0.00 0.00 0.09 0.00 0.35 1.99
591)
Va22-146KS(603-  G-N 50 3.74 0.04 0.22 0.03 0.18 179 0.00 0.00 0.00 0.00 0.06 0.00 0.33 2.00
604)
Va22-146KS(1145- G-N 47 3.95 0.05 0.00 0.04 0.25 165 0.05 0.00 0.00 0.00 0.01 0.11 0.24 1.99
1146)
Va22-146KS(586-  G-N 39 3.55 0.09 0.36 0.02 0.18 1.83 0.04 0.00 0.00 0.00 0.07 0.00 0.30 2.08
587)
Va22-146KS(639- G-N 33 3.62 0.00 0.38 0.00 0.23 1.84 0.00 0.00 0.00 0.00 0.05 0.00 0.28 2.08
640)
Va22-146KS(1030- G-N 23 3.80 0.02 0.18 0.06 0.17 158 0.11 0.05 0.00 0.00 0.04 0.03 049 198
1034)
Glauconite 97 G-N 4 345 055 0.00 0.33 0.15 133 0.19 0.00 0.01 0.10 0.02 0.02 0.63 2.00
1183-15 N 100 3.62 0.01 0.37 0.00 0.31 167 0.00 0.01 0.00 0.00 0.00 040 0.31 199
Cy 82-14-5 N 100 3.60 0.04 0.36 0.00 0.28 1.76 0.00 0.00 0.00 0.00 0.03 048 0.03 2.04
Nontronite 33B N 100 3.54 046 0.00 0.09 0.03 1.88 0.00 0.00 0.00 0.01 0.23 0.00 0.00 2.00
Va3-413KH (150- T-N 80 311 0.23 0.66 0.00 0.55 1.68 0.07 0.02 0.00 0.00 0.13 0.16 0.13 233
153)
Nontronite 51 T-N 76 3.92 0.08 0.00 0.00 0.82 1.09 0.15 0.00 0.01 0.00 0.20 0.01 0.40 2.08
Va22-146KS(471- T-N 75 3.24 0.14 0.62 0.14 0.15 169 0.20 0.01 0.01 0.00 0.10 0.09 0.21 2.21
475)
Va22-146KS(575-  T-N 71 3.40 0.10 0.50 0.03 0.18 192 0.00 0.00 0.00 0.00 0.12 0.00 0.15 2.13
577)
Va22-146KS(583-  T-N 69 342 021 0.37 0.05 0.18 196 0.00 0.00 0.01 0.00 0.00 0.01 0.13 221
586)
CHN-100-18PC (290- T-N 68 3.13 037 0.50 0.00 0.18 1.81 0.20 0.08 0.01 0.00 0.19 0.00 0.09 2.28
292)
Va22-146KS(602-  T-N 60 3.13 045 0.42 0.00 0.28 197 0.00 0.01 0.01 0.00 0.09 0.03 0.11 2.27
603)
CRB 03-026 Cel, 25 3.65 031 0.04 0.00 0.90 1.00 0.23 0.01 0.07 0.10 0.00 0.07 0.55 2.20
Sap
Va3-413KH (382-  T-S 90 359 021 0.20 0.00 203 0.51 0.18 0.00 0.01 0.00 0.06 031 0.00 2.73
389)
Val-52KH (323-327) T-S 67 3.77 023 0.00 0.01 2.81 0.18 0.00 0.00 0.01 0.00 0.00 0.02 0.00 3.00
Sea Cliff Dive 308  T-S 27 3.86 0.05 0.09 0.06 258 0.05 0.29 0.00 0.00 0.00 0.01 0.02 0.01 2.99
POS-291-459 SL T-S 27 3.82 0.18 0.00 295 0.03 0.03 0.00 0.00 0.00 0.03 004 0.01 3.01
(155-158)
M64/1 139GTV-5E  T-S 21 3.78 0.19 0.03 0.00 2.80 0.03 0.20 0.00 0.00 0.00 0.00 0.13 0.00 3.03
(Turtle Pits)
P0OS-291-459 SL(56- T-S 20 3.82 0.18 0.00 2.82 0.07 0.05 0.00 0.01 0.00 0.05 0.07 0.01 296
57)
Va3-413KH (313-  T-S 18 3.76  0.06 0.18 0.00 251 0.24 0.20 0.00 0.00 0.00 0.05 0.00 0.00 2.94
318)
POS-291-459 SL(31- T-S 17 387 0.13 0.00 294 0.04 0.02 0.00 0.00 0.00 0.01 0.05 0.01 3.00
32)
POS-291-459 SL(140- T-S 16 3.86 0.14 0.00 296 0.03 0.02 0.00 0.00 0.00 0.01 005 0.01 3.01
141)
POS-291-459 SL(113- T-S 13 387 0.13 0.00 295 0.03 0.02 0.00 0.00 0.00 0.01 0.04 0.01 3.00
114)
St. 631 6 (Logatchev- T-S 11 396 0.04 0.00 2,78 0.10 0.00 0.01 0.00 0.00 0.01 0.02 0.01 2.90
2)
POS-291-459 SL(20- T-S 10 3.88 0.11 0.00 292 0.03 0.02 0.00 0.00 0.00 0.02 006 0.01 2.98
21)
POS-291-459 SL(72- T-S 6 3.84 0.16 0.00 3.01 0.01 0.01 0.00 0.00 0.00 0.01 0.04 0.01 3.04
73)
1183-9 T-S 2 3.57 0.04 0.39 0.00 152 0.75 055 0.01 0.00 0.00 0.01 0.00 0.00 2.83

Cel: celadonite; G-N: interstratified glauconite-nontronite; N: nontronite; Sap: saponite; T-N: interstratified talc-nontronite; T-S: interstratified talc-saponite.

DiSmec: dioctahedral smectite (nontronite); TriSmec: trioctahedral smectite (saponite).


http://ees.elsevier.com/clay/download.aspx?id=609101&guid=d3e2db38-bb4b-4d50-bf1b-4b971e4b1679&scheme=1

Table 2. CIELAB color parameters of the studied samples.

Sample L*10 a*yo b*10 C*a,10 Nap.10
Va22-146KS (1144-1145) 38.43 -2.12 14.31 14.46 98.43
Va22-146KS (612-614) 36.31 3.28 19.51 19.78 80.45
Va22-146KS (588-591) 38.37 2.02 19.98 20.08 84.23
Va22-146KS (603-604) 38.79 2.23 20.89 21.01 83.91
Va22-146KS (1145-1146) 38.31 0.03 17.48 17.48 89.90
Va22-146KS (586-587) 44.35 5.89 27.70 28.32 77.99
Va22-146KS (639-640) 47.11 3.68 26.30 26.55 82.03
Va22-146KS (1030-1034) 3941 0.34 18.87 18.87 88.98
Glauconite 97 43.35 -4.66 11.82 12.71 111.52
1183-15 40.98 2.60 23.95 24.09 83.80

Cy 82-14-5 38.64 5.96 20.65 21.49 73.91
Nontronite 33B 76.63 -2.15 32.16 32.23 93.82
Va3-413KH (150-153) 29.27 3.49 13.88 14.31 75.89
Nontronite 51 85.84 -6.18 32.71 33.29 100.70
Va22-146KS (471-475) 38.29 10.90 26.55 28.70 67.67
Va22-146KS (575-577) 38.39 12.61 26.48 29.33 64.53
Va22-146KS (583-586) 41.43 12.79 30.17 32.77 67.03
CHN-100-18PC (290-292) 33.13 7.67 20.38 21.77 69.36
Va22-146KS (602-603) 35.68 11.08 23.92 26.37 65.14
CRB 03-026 40.44 3.93 11.28 11.94 70.78
Va3-413KH (382-389) 33.99 2.83 10.83 11.19 75.34
Val-52KH (323-327) 63.49 2.40 10.70 10.97 77.37
Sea CIiff Dive 308 67.94 -0.64 15.48 15.49 92.35
POS-291-459 SL (155-158) 67.20 2.22 11.79 11.99 79.32
M64/1 139GTV-5E (Turtle Pits) 66.39 -2.97 4,37 5.28 124.15
POS-291-459 SL (56-57) 49.69 1.00 11.11 11.15 84.87
Va3-413KH (313-318) 54.47 12.33 18.70 22.40 56.59
POS-291-459 SL (31-32) 70.97 0.86 14.61 14.63 86.65
POS-291-459 SL (140-141) 71.94 2.29 11.30 11.53 78.53
POS-291-459 SL (113-114) 68.21 2.42 9.70 10.00 76.02
St. 631 6 (Logatchev-2) 78.32 0.61 16.36 16.37 87.87
POS-291-459 SL (20-21) 77.06 0.55 12.54 12.55 87.47
POS-291-459 SL (72-73) 63.32 2.73 9.02 9.43 73.15
1183-9 47.16 8.40 20.39 22.05 67.62
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1

Table 3. Significant correlation coefficients at P < 0.05 (n = 34) between CIELAB color parameters
and Fe content.

a*y b*, C*mi hawo TetFe® OctFe®* OctFe”™ Total Fe
L*5, -0.4663 0.3552 -0.6811 -0.6896 -0.7460
a*y, 0.4177 -0.8736 0.6947 0.4040
b*., 0.9930 0.4955 0.7085 0.6988
C*ab.10 0.5349 0.6998 0.7046
hab,lo -0.5313
Tet Fe** 0.6446 0.7833
Fe3* 0.9714
8§ FZZ+

Tet: Tetrahedral
Oct: Octahedral
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Figure captions

Figure 1. Reflectance spectra of the investigated samples, arranged according to their mineralogy
and from dioctahedral composition (a] nontronite, b] glauconite-nontronite) to samples with
intermediate dioctahedral-trioctahedral composition (c] talc-nontronite and CRB 03-26, a mixture
of celadonite and saponite), and to trioctahedral composition (d] talc-saponite). The samples are
from seafloor hydrothermal sites, except Nontronite 33B in a), Glauconite 97 in b), and Nontronite

51and CRB 03-026 in c), which have a continental origin.

Figure 2. Second derivative of the Kubelka-Munk spectra of the samples. The spectra are grouped
and their color is coded as in Figure 1. The arrows at the minima indicate the wavelength, or range

of wavelength, where the absorption bands are located.

Figure 3. Several Fe content variables regressed on the amplitude of absorption bands in the second-
derivative Kubelka-Munk spectra. The amplitude corresponds to the absorption bands centered at
370 nm (As70-400), 420 nm (Asz0-450), and 500 nm (Aspos60). The Fe contents measured in the
phyllosilicates, as atoms per half formula unit, are: Fe** in the octahedral sheets, Fe*" in the
tetrahedral sheets, total Fe** content, and total Fe content. Samples Nontronite 33B and Nontronite

51, of continental origin, were not used in this analysis (see text).

Figure 4. Plot of observed versus predicted values of (a) the total Fe content (atoms per half formula
unit) and (b) the Fe/(Fe+Mg+Al) ratio in each sample. The predictive multiple linear-regression
model used the amplitudes of the absorption bands at 370 nm (Az70-400) and 420 nm (Ayz0-450) in the

second-derivative Kubelka-Munk spectra.
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Figure 5. Casement scatter plot of CIELAB chromatic coordinates (a*1p and b*y0) by L*10 levels.
This plot represents three variables in two dimensions. Each L*1 level depicts a casement, in which
a*1p and b*yo are the x- and y-variables. The range of a*;o and b*;o values in each casement is -7 to

13 and 0 to 40, respectively.

Figure 6. Plot of observed versus predicted values of (a) the total Fe content (atoms per half formula
unit) and (b) the Fe/(Fe+Mg+Al) ratio in each sample. The predictive multiple linear-regression

model used the CIELAB color parameters L*1o, a*10, and b*1pas independent variables.

Figure 7. Correlations between total and tetrahedral Fe (Table 1) for each individual group of
samples: nontronite, galuconite-nontronite (G-N), talc-nontronite (T-N) and talc-saponite (T-S). No
correlation line was added for nontronite as there are only 3 data points. There is a threshold of total
Fe content for the occurrence of tetrahedral Fe, and this threshold increases from trioctahedral (T-S)

to intermediate (T-N) and to dioctahedral (N and G-N) composition.

Figure 8. Images and spectra of the Mawrth Vallis region of Mars. CRISM data of phyllosilicate-
rich horizons in bedrock exposed in the wall of a crater (a), as well as their spectra in the visible (b)
and NIR (c) range. A 3-D view of HIRISE color data draped onto HiRISE topography data (d)
shows the color difference between Al-clays and Fe/Mg-clays in IRB (infrared, red and blue-green

wavelengths assigned to RGB in the image).

Figure 9. Images and visible spectra from HIRISE IRB (infrared, red and blue-green wavelengths
assigned to RGB in the image) data of three areas of Mars with abundant phyllosilicates: Mawrth
Vallis, Nili Fossae, and Eridania basin. The red spectrum in Marwth Vallis corresponds to the box
in the yellowish terrain (top of the image); the blue spectrum, to the bluish terrain (left of the

image). Views are ~1 km across. The spectral data are calibrated to I/F (similar to reflectance), but
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the display hues are not quantitatively cross-calibrated. Even so, their spectra show differences in

reflectance.
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