
R E S E A R CH AR T I C L E

How elemental composition influences the color
of igneous and sedimentary rocks: Case of the High
Atlas rocks of Morocco

Mouhssin El Halim1,2 | Lahcen Daoudi1 | Abdelhafid El Alaoui El Fels1

1Laboratoire des Géo-ressources, Géo-
environnement et Génie civil (L3G),
Département de Géologie, Faculté des
Sciences et Techniques, Université Cadi
Ayyad, Marrakech, Morocco
2Laboratoire des Argiles, Géochimie et
Environnements Sédimentaires (AGEs),
Département de Géologie, Université de
Liège, Liège, Belgium

Correspondence
Mouhssin El Halim, Laboratoire des Géo-
ressources, Géo-environnement et Génie
civil (L3G), Département de Géologie,
Faculté des Sciences et Techniques,
Université Cadi Ayyad,
BP 549 Marrakech, Morocco.
Email: elhalim.mouhsin@gmail.com

Funding information
Bilateral Cooperation Project Wallonie
Bruxelles Maroc, Grant/Award Number:
2.7; PPR-CNRST Program, Grant/Award
Number: PPR1/2015/63; Erasmus Plus

Abstract

In spite of color being one of the physicochemical parameters most commonly

used to characterize a rock, very limited studies have studied the correlation

between the nature, chemical composition, and color of a rock. This study pre-

sents a new approach for quantitatively assessing the relationship between

these three parameters for specific rocks (example of igneous and sedimentary

rocks) collected from the High Atlas of Morocco. A spectrophotometer was

used to measure the color of samples, and the measurements were expressed

in CIE L*a*b* color system units then converted to Hex color codes. Whereas,

the chemical composition of samples was carried out by X-ray fluorescence.

The most abundant oxides in magmatic rock samples are SiO2, Al2O3, Fe2O3,

MgO, and CaO, while K2O, Na2O, TiO2, and P2O5 are generally found in trace

concentrations. Two categories of clays were studied, non-calcareous raw

materials without carbonate contents (<4% CaO) and calcareous clays or marls

(CaO > 10%). Phosphate samples are rich in phosphorus (4.4%-17.5%) and

CaO (11.2%-42.7%) with relatively low contents of SiO2 (28.5%-52.2%), Al2O3

(3.1%-17.5%), and Fe2O3 (1.1%-6.6%). Results show that the change in the con-

tent of these elements from one rock type to another may be indicative of rocks

with particular characteristics that do have an impact on color. The main col-

oration agent of clays was iron, Fe2+, and Fe3+ ions can color clay minerals

either red or green or in various shades of orange and brown. However, in

marls and phosphates, the high concentration of carbonates inhibits this iron

effect by affecting a* (red) and b* (yellow) color parameters, which leads to

grayish materials. The same applies to magmatic rocks rich in Fe2O3 and CaO.
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1 | INTRODUCTION

The igneous rocks are the first materials that formed the
earth's crust,1 these rocks are mainly derived from the

fusion by decompression and/or wet fusion of protolithic
lithologies that occur in the deep layers of the earth. Sedi-
mentary rocks result from the accumulation of sediments
deposited most often in layers or superposed beds, known
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as strata, they are formed by the accretion of diverse sedi-
ments, that is, solid elements (clasts, shells debris, etc.)
and/or precipitations of solutions2 (which come from
cement, often intercalated between grains, particles, or
clasts). Their classifications and compositional, petro-
graphic, and textural characteristics are well-studied.

There are several ways to classify and differentiate
between magmatic and sedimentary rocks, based mainly
on the chemical, mineralogical, and textural composition
of each type. However, very limited work has been done
to study the link between the color of a rock, the origin,
and the chemical composition.3 Such a study is particu-
larly important to facilitate the identification of a rock
from its color and also to have an indication about the
elemental composition before performing chemical anal-
ysis. Indeed, several studies have been done to establish
the relationship between the mineralogy and the color of
rocks,4-7 other recent studies have explored the effect of
the particle size distribution on the colour of sedimentary
rocks.8 However, the link between chemical composition
and color is not well studied.

It has been known for some time that relationships
exist between the color, physical, and chemical character-
istics of materials.9-12 Different elements and compounds
of those elements exhibit different colors and when pre-
sent in sufficient concentrations can influence the overall
color of a geological sample. Examples of colors associ-
ated with elements in minerals include: vanadium (red/-
green/purple depending on the compound involved);
chromium (blue-green); manganese (dark red, green, or
blue); iron (red/blue depending on the ionic form taken);
cobalt (red/blue); nickel (green/blue/purple); copper
(blue/green); zinc (pale blue); and lead (yellow). How-
ever, the concentration of these elements is unlikely to be
sufficiently high in geological materials like clays, mag-
matic rocks, phosphates, and marls to actually contribute
to the overall color of these materials, which will be dom-
inated by major oxides (SiO2, K2O, Al2O3, Fe2O3, MgO,
CaO, and P2O5).

This is the context for which the present study is con-
ducted; it presents a new approach to assess the relation-
ship between the origin, color, and chemical composition of
rocks quantitatively. The aim is to explore the correlation
between these three parameters through a statistical study
based on principal component analysis (PCA), hierarchical
classification, and other statistical methods combined with
the results of chemical and spectrophotometric analysis.

2 | MATERIALS AND METHODS

The studied samples include 27 geological materials with
different chemical compositions and colors. Thirteen

samples belong to the magmatic rock group (MR 1 to 22),
10 are clay deposits (Cl 1 to 8) including 2 calcareous clay
samples or marls (M1 and M2), and 4 phosphate rocks
(P1 to P4). These materials were carefully ground and
homogenized using a FRITSCH PULVERISETTE Plane-
tary Mill, then sifted to 250 μm to make the color and
composition of samples evenly homogeneous (Figure 1).
For the reason that in a powder material, the color is
related to the grain size distribution and a simple change
in the size of a powder can change the color.

X-ray fluorescence spectroscopy was used in diffuse
mode over an area of 108 μm � 88 μm on the surface of
each sample to determine the chemical composition of
major elements (Si, K, Al, Fe, Mg, Ca, Mn, Ti, Na, and P),
the XRF analyzer used is of the Epsilon 1 X-ray fluorescence
analyzer type, with a Silicon photodiode array (dual
36-element) detector, available in the laboratory of
Geosciences, Geo-resources and Civil Engineering, Cadi
Ayyad University of Marrakech. Elemental composition was
determined by non-destructive measurement, which makes
the method a tempting tool for the investigation of a wide
range of materials and particularly for archeological
resources. Quantitative analysis was performed using Oxford
Instruments (Fremont, California) standards of metals, syn-
thetic compounds, and natural minerals. The contents repre-
sent the average of three to five measurements.

A portable spectrophotometer CM 700d type from
Konica Minolta is set up in specular reflection included
(SCI) or excluded (SCE) mode to determine the RGB
(red, green, blue) parameters of all colors, available in
Higher School of Fine Arts (ESA) of Liege. Wavelength
range is between 400 and 700 nm, with a Pulsed xenon
lamp (with UV cut filter) as light source. Wavelength
pitch and half bandwidth are around 10 nm. The
obtained RGB data are then converted to Hex color code
and CIELab colour coordinate system through a combi-
nation of internet-based sources, many of which are rela-
tively old and contain partial lookup tables. One of the
most useful sources of information was a website devel-
oped by Boronkay,13 which supplies a Microsoft Excel
spreadsheet containing a number of conversion utilities.
Full lookup tables for all Munsell to RGB and Munsell to
CIELab conversions are available from the authors on
request. The data obtained were processed by the inspec-
tion and color control software SpectraMagic TM NX Pro.

The CIELAB system is since 1976, is a widely used
system for calculating color differences for most practical
applications. Use of the CIELAB system enables estima-
tion of three classical color parameters: L*, a*, and b*,
where L* represents lightness, a* represents the position
between red and green on the redness (+) to greenness
(�) axis, and b* represents the position between yellow
and blue on the yellowness (+) to blueness (�) axis.11
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The statistical analysis and the visualization of
results are served using the functions provided by the
two packages FactoMineR and Factoextra under the R
Software. The statistical methods used are the PCA and
Hierarchical Classification on Main Components
(HCMC).14

3 | RESULTS

3.1 | Elemental composition of the
studied samples

Samples analyzed by X-ray fluorescence show a chemical
composition that depends on the nature of the rock. Sil-
ica and aluminum are the most abundant elements with
contents ranging from 27.2% to 87.7% for SiO2 and 3.1%

to 26.9% for Al2O3 (Table 1). These two elements are less
abundant in marls and phosphates.

Iron is present in moderate quantities in magmatic
rocks (with the exception of MR20, 21, and 22), Fe2O3

content ranges from 5% to 20.4% in these materials. In
clays and phosphates, the Fe2O3 content ranges between
1.1% and 10%.

The carbonate content reaches 42.7% for the marl
sample M2, and around 10.2% for M1. CaO is also present
in large quantities in phosphates (between 11.2% and
42.7%). The analyzed magmatic rocks contain a concen-
tration between 1.8% and 8.6%. Clay samples as well as
MR20, MR21, and MR22 are devoid of CaO. However,
maximum MgO levels are reached in samples MR18
(12%) and M2 (17.1%), other samples have values
between 1% and 8.2%, samples MR20, MR21, MR22, Cl2,
Cl4, Cl5, and Cl7 contain less than 1%.

FIGURE 1 List of studied samples after grinding and sieving. Cl, clays; M, marls; MR, magmatic rocks; P, phosphates
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TiO2, Na2O, and K2O are present in small quantities;
their maximum values are in the order of 2.7%, 3.3%, and
5.9% respectively, while MnO is present as trace.

The studied clays, marls, and magmatic rocks are
devoid of P2O5; therefore it requires studying phosphate
samples to determine how this element influences the
color of a rock. The phosphorus content ranges from
4.4% in P4 to 17.5% in P1.

Binary diagrams of Figure 2 show that CaO and MgO
are negatively correlated with silica and aluminum. Car-
bonate and magnesium-rich samples tend to have rela-
tively low values of SiO2 and Al2O3, while the other
elements have no significant correlation.

3.2 | Determination of sample color
parameters

Magmatic rocks especially MR19, MR20, MR21, and
MR22 have RGB values slightly higher than the other
materials, whereas Cl1, Cl3, Cl4, Cl6, and Cl7 have the
lowest values. Coordinates X, Y, and Z also show changes,
expressing the transition from a light to a dark color. The
three CIELAB coordinates15 indicate the lightness of the
color (L* = 0 gives black and L* = 100 refers to diffuse
white; specular white may be higher), its location ranges
between red and green (a*, where negative values indicate
green and positive values represent red) and its location
between yellow and blue (b*, where negative values indi-
cate blue and positive values indicate yellow).

The color of the analyzed magmatic rocks varies from
parchment color (Hex code = #F0E1CE) to opium (Hex

code = #8C706F). Clays have in general an orange to
brown color. Marls M1 and M2 have a Tobacco and Don-
key brown color (Hex codes = #6E624A and #9D8E6D
respectively), while the phosphates have a color that
tends to gray.

3.3 | Chemical composition in relation
with the color of samples

PCA of the chemical elements shows three groups
(Figure 3): the first one includes MR samples (excluding
MR19, 20, 21, and 22), these samples are relatively rich in
iron (9.8%-20.4% of Fe2O3), magnesium (2.7%-12% of
MgO), sodium (1.2%-3.3% of Na2O), and titanium dioxide
(1.1%-2.7% of TiO2). The contents of SiO2, Al2O3, K2O, and
CaO in these samples range from 40.2% to 51.3%, 11.9% to
17.8%, 0.5 to 1.3% and 3.3% to 8.6% respectively. The RGB
values for this group of samples are between 140 to 199 for
red, 112 to 199 for green, and 111 to 187 for blue.

The second group includes clay samples rich in silica
and aluminum (68.3% SiO2 and 17.7% Al2O3 on average)
with moderate iron contents (6.1% Fe2O3 on average).
The samples MR19, MR20, MR21, and MR22 have joined
this group due to their chemical characteristics close to
those of clays. This group also has high values of K2O
(3.7% on average), but is generally devoided of CaO,
TiO2, and MgO. Magmatic rock samples included in this
group (MR 19 to 22) have the highest RGB values
(between 193 and 241) while clays have the lowest values
especially for green and blue. The last group contains the
phosphate samples, RGB values vary from 152, 139, and

FIGURE 2 Binary diagrams showing the degree of correlation between the main chemical elements components of studied samples
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133 for P4 enriched in silica (52.2%), aluminum (17.5%),
and iron (6.6%). Whereas P1 sample, rich in phosphorus
(17.5%) and CaO (42.7%) with low contents of SiO2

(28.5%), Al2O3 (3.1%), and Fe2O3 (1.1%), shows RBG
values of 194, 178, and 163.

The results show that L*, a, b* parameters are sensi-
tive to the variation of chemical elements from one sam-
ple to another. The L* coordinate displays an increase
values in samples rich of silica and aluminum without

iron, calcium oxide, and phosphorus (MR19, MR20, and
MR21), these samples have also the higher RGB values
and their color tends to the Off-White Color collection
(Figure 4). The other magmatic rock samples have the
values close to 0 in the a* and b* coordinates, which
makes their colors in shades of gray. Phosphates show a
darker gray colour depending on the concentration of
P2O5 and CaO, the a* and b* coordinate values vary in
these samples between 2 to 4 and 4 to 9 respectively.

FIGURE 3 Principal

component analysis (PCA) of

chemical elements according to the

color of samples

FIGURE 4 Evolution of chemical elements and color parameters (RGB, L*a*b) in the studied samples
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Clay samples exhibit larger color changes, always
involving an increase in a* and b* parameters except for
Cl2 sample. The chemical composition of clays (high silica
and aluminum content with moderate iron and without
carbonates) makes these materials appear as brown to
orange color.

The chemical composition of marls is similar to clays
with high CaO concentrations (10% for M1 and 42% for
M2), this variation in carbonate contents leads to a decrease
in a* and b* values that shift the color of these materials to
gray. Negative values for a* coordinate (red-green) are
obtained, they are correlated with high levels of iron
(Fe2O3 > 13%) in samples MR2, MR3, MR12, and MR14.

4 | DISCUSSION

Many of the studied chemical elements could display a
range of colours in materials, depending upon conditions
such as redox potential and pH. In addition, the presence
of organic matter and particular clay minerals also have a
strong impacts on the color, both in terms of hue and
intensity.3,16 However, the presence of these elements in
sufficient quantity may be indicative of rocks with partic-
ular characteristics that do have an impact on color. The
methodology applied in this work is intended to demon-
strate that these characteristics could be acting as proxy
indicators of specific elemental concentrations.

Previous studies show that the main coloration agent
of clays was iron.17-22 In fact, iron oxides can color clay
minerals either red or green or in various shades of
orange and brown. The color most likely depends upon
the relative abundance of the iron ion valence in the sili-
cate (clay mineral in our case) structure, the specific
bonding of these ions, and other factors. The reasons for
coloration are not known completely, but it is certain
that Fe2+ and Fe3+ ions make combinations with silica
and aluminum to provide an orange to brown color for
these materials. In the studied marls and phosphates
samples, the high concentration of carbonates inhibits
this iron effect by reducing the red (a*) and yellow (b*)
shades, which leads to grayish materials. Therefore,
despite the high iron content of magmatic rocks
(Fe2O3 > 10%), moderate CaO and MgO concentrations
contained in these materials are sufficient to reduce the
effect of iron ions (Figure 5). Previous studies have
shown that Ca2+ ions play a dominant role in determin-
ing the color of materials and mineral phases in clays
fired under reducing conditions, as they do in oxidizing
atmospheres in presence of iron ions.23-26

The color variation between clay samples can also be
explained by the transformation mechanism from ferrous
iron to iron oxides controlled by the formation conditions
of these rocks.27-29 Oxidation under surface conditions
has a tendency to produce iron in the ferric state, most
often the process takes iron out of the silicates and puts it

FIGURE 5 Binary diagrams illustrating the relationship between color and chemical composition of the samples studied
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into an oxide phase which gives rocks with color tending
to red (example of extremely weathered soils one finds
only ferric iron and aluminum oxides and hydroxides).
In the opposite sense, reducing conditions tend to
increase the reduction of iron in the material and its
introduction into silicate (clay mineral) phases.30 Iron
content can, however, lead to changes to earthy colors
such as black, orange, and yellow in addition to red in a
rock sample.31

Experimental studies have demonstrated how ther-
mal alteration can change the color of rocks.32-34 Thermal
alteration is often seen in reddening of the rock.21,35,36

Other color changes, such as rocks becoming grayer or
blacker, have also been documented.37,38 In addition, it
has been pointed out that some rocks do not display the
expected signs of thermal alteration.39

Color changes in rocks can also be rooted in processes
such as dispersed metal ions, a variety of defect structures
created by radiation, and physical optics (see, for exam-
ple, the overview by Fritsch and Rossman40-42).

When a rock is devoid of iron and calcium oxides
(main coloration agents), case of MR20, MR21, and
MR22 samples, high RGB and L* values are obtained,
the color is different from other magmatic rocks and
clays with a shade that shifts to light pink and white
color.

PCA results also show a positive correlation between
silica and potassium with a* and b* coordinates for clay
materials (Figure 6). However, it remains difficult to find
a significant correlation between chemical elements of

magmatic rocks with color parameters. Results reveal
that CIELAB color was found to be a slightly better over-
all predictor of material characteristics than RGB, but
this is balanced against the ease of use of RGB when
dealing with digital image color and visualization using
computer equipment. The benefits of CIELAB over RGB
are not therefore considered strong enough to argue for
its use in deriving material chemical compositions
instead of RGB.

The Munsell scale where values indicate the lightness
of a color allows to discern groups of samples according
to the color evidenced by the PCA (Figure 7). The scale of
values goes from 0 for pure black to 10 for pure white.
Black, white, and the grays have no Hue so they are
called neutral colors. Colors that have a Hue are called
“chromatic colors.” This system is based on five basic
color fields: R red, Y yellow, G green, B blue, P purple
(between reds and blues) plus five intermediate fields.
Each of the colors is given in 10 shades, and a shade is
defined by an abbreviation and a number. For our sam-
ples, the values of Hue obtained vary between 2.5, 5, 7.5,
and 10 (Table 1).

According to Musell scale, the classification of the
colors is defined in the colorimetric space by the three
fundamental quantities of the human visual perception,
the hue, the value or lightness, and the chroma, which it
defines as the degree of saturation, from gray to the most
intense color.

The PCA shows a dispersion of the samples around
these three values, three groups are distinguished. The

FIGURE 6 Principal component analysis of variables (chemical composition and color parameters) and individuals
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clay samples show an affinity with the chroma value, a*
and b* parameters (Figure 7). However, the samples of
phosphates and marls, rich in P2O5 and CaO, are refined
with the value of sigma. The magmatic rock samples
form their own distinct group and show a positive corre-
lation with the L* parameter.

5 | CONCLUSION

This study examined the strength of using digital image
parameters to evaluate color changes in rocks. This
relatively cheap and accessible method was superior in
identifying the distinction between magmatic and
sedimentary rock samples based on color. A continuous
colour change from light to dark shades has been observed
and measured by spectrophotometry. The color most
likely depends upon the relative abundance of the iron
ions (Fe2+ and Fe3+) in these rocks. However, the pres-
ence of carbonates in sufficient quantities reduces the red-
dish effect of iron and transforms the color into gray
shades; the origin of this variation is due to the incorpora-
tion of iron ions in several calcium silicates. In soils,
besides the chemical composition, previous studies have
shown that organic matter, quartz, red color of hematite
(α-Fe2O3), yellow color of goethite (α-FeOOH), calcite, and
other carbonates may affect the colour of these rocks.3,43

The obtained results have important geological impli-
cations, they allow classification of rocks and estimation
of the chemical composition from their colors, and this

will enable to get a maximum of information about a
rock using visual and imaging analysis only.
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