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Abstract

Volcanic cinder, also known as scoria, is an extrusive igneous rock that forms when gas-rich magmas 
of basaltic or andesitic composition cool quickly. It is typically dark in color, ranging from black to red 
depending on its chemical composition. Sometimes fresh cinder samples show a variety of shiny metallic 
colors on its surface ranging from blue to gold to silver. The origin of these colors has remained unknown 
up to now. Cinder samples from an eruptive event occurred in October 2005 have been collected in the 
surroundings of the Sierra Negra volcano in the Galápagos Islands. The samples’ crystallographic structure, 
chemical composition, and surface morphology have been analyzed using X-Ray diffractometry (XRD), 
energy dispersive X-Ray spectroscopy (EDS) and a field gun emission scanning electron microscopy (SEM), 
respectively. Based on an extensive physical and chemical analysis, we were able to demonstrate that these 
colors are due to a light interference phenomenon. These results have a great potential to be used for a 
wide variety of purposes such as determining the temperature and composition of magma and evaluating 
volcanic samples for planetary studies.
Keywords: Cinder; Galapagos; optical interference; nano-sized layers; crystallization speed; volcanology; 
diffraction
Resumen

Las cenizas volcánicas, también conocidas como escorias, son una roca ígnea extrusiva que se forma cuando 
los magmas ricos en gas de composición basáltica o andesítica se enfrían rápidamente. Es típicamente de 
color oscuro, que va del negro al rojo dependiendo de su composición química. A veces las muestras de 
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ceniza fresca muestran una variedad de colores metálicos brillantes en su superficie que van del azul al 
oro y a la plata, dependiendo de la orientación de la muestra. Hasta ahora, el origen de estos colores ha 
permanecido desconocido. Muestras de cenizas de un evento eruptivo ocurrido en octubre de 2005, han 
sido recogidas en los alrededores del volcán Sierra Negra en las Islas Galápagos. La estructura cristalográfica, 
la composición química y la morfología de la superficie de estas muestras se han analizado utilizando la 
difracción de rayos X (XRD), la espectroscopia de rayos X de dispersión de energía (EDS) y la microscopia 
electrónica de barrido con emisión de campo (SEM), respectivamente. Basándonos en un extenso análisis 
físico y químico, hemos podido demostrar que estos colores se deben a un fenómeno de interferencia de 
la luz. Estos resultados tienen un gran potencial para ser utilizados para una amplia variedad de propósitos 
como la determinación de la temperatura y la composición del magma, así como la evaluación de muestras 
volcánicas para estudios planetarios.
Keywords: Ceniza; Galápagos; interferencia óptica; capas de tamaño nano; velocidad de cristalización; 
vulcanología; difracción

Resumo

As cinzas vulcânicas, também conhecidas como escórias, são uma rocha ígnea extrusiva formada quando 
os magmas ricos em gás de composição basáltica ou andesítico esfriam rapidamente. É tipicamente de cor 
escura, que vai do preto ao vermelho, dependendo de sua composição química. Às vezes as amostras de 
cinza fresca mostram uma variedade de cores metálicas brilhantes em sua superfície que vão do azul ao 
ouro e à cor prata, dependendo da orientação da amostra. Até o momento, a origem destas cores permanece 
desconhecida. Amostras de cinzas de um evento eruptivo ocorrido em outubro de 2005, foram recolhidas 
nos arredores do vulcão Sierra Negra nas Ilhas Galápagos. A estrutura cristalográfica, a composição química 
e a morfologia da superfície destas amostras foram analisadas por meio da difração de raios X (XRD), 
da espectroscopia de raios X por energia dispersiva (EDS) e da microscopia eletrônica de varredura com 
emissão de campo (SEM), respectivamente. Com base em uma extensa análise física e química, pudemos 
demonstrar que essas cores se devem a um fenômeno de interferência da luz. Esses resultados têm um 
grande potencial para serem utilizados com uma ampla variedade de propósitos como a determinação 
da temperatura e a composição do magma, bem como a avaliação de amostras vulcânicas para estudos 
planetários.
Palavras-chave: Cinza; Galápagos; interferência óptica; camadas de tamanho nano; velocidade de 
cristalização; vulcanologia; difração

Introduction

Tephra or pyroclasts is one of the most 
easily accessible materials of active volca-
noes, which may give fundamental clues 
about the eruptive state of the volcano (Fish-
er and Schmincke, 1984; Fisher, Heiken, 

and Hulen, 1997; Schmid, 1981; White and 
Houghton, 2006). There is a variety of volca-
nic pyroclastic material which ranges in size 
from extremely fine ash, following by Pele’s 
tears, and hair, lapilli, pumice rocks, cinder, 
reticulate, up to enormous blocks or bombs 
(Heiken, 1972; Peterson, 1979; Mangan and 
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Cashman, 1996; Moune, Faure, and Gauth-
ier, 2007; Parfitt, 1998). These materials are 
formed during subaerial volcanic processes 
and they may be used for the analysis of vol-
atile contents, degassing and crystallization 
as well as the prediction of further eruptive 
processes (Cashman, Sturtevant, and Papale, 
2000; Toulkeridis, Arroyo, and Cruz D’How-
itt, 2015). Additionally, the interaction of 
water with magma and other fragmentation 
processes can be studied by means of the 
shape, grain-size, glass or mineral content of 
the ejected pyroclastic material (Colgate and 
Sigurgeirsson, 1973; Spieler, Kennedy, and 
Kueppers, 2004; Wohletz, 1983; Zimanows-
ki, Buettner, and Lorenz, 1997). Low-vis-
cosity basaltic magmas form several types of 
close by located volcanic cones, such as scoria 
cones, tuff rings, tuff cones and maars, which 
are usually monogenetic and often associated 
or in the vicinity of shield volcanoes or stra-
tovolcanoes (Lorenz, 1986; Vespermann and 
Schmincke, 2000; Wood, 1980). The study of 
terrestrial pyroclastic deposits may play also 
a fundamental role in the interpretation of 
the activity, development and also the origin 
of volcanic structures located in Mars, Venus 
and elsewhere among other remote space ob-
jects (Filiberto, 2017; Gail and Wilson, 2015; 

Hynek, McCollom, and Marcucci, 2013; 
Morris et al., 2000; Squyres et al., 2007).

The main aim of this study was to sam-
ple and characterize a variety of cinders of 
visually different shiny colors (Fig.1) with 
the goal to discover what factors produce 
them. The knowledge about the reactions 
and processes, which have led to the color 
variation of these materials, occurred in a 
well-known geologic context, can therefore 
serve to determine the conditions of volca-
nic deposits on Mars, Venus and elsewhere 
(Keszthelyi, Self, and Thordarson, 2006; 
McCanta, Dyar, and Treiman, 2014).

Theoretical Framework

The Isabela Island situated on the 
western margin of the Galapagos is the larg-
est island of the archipelago with an area 
of 4640 km2. This island has been partially 
formed at about a million of years ago by 
the subsequent joining of six shield volca-
noes, being from north to south Ecuador, 
Wolf, Darwin, Alcedo, Sierra Negra and 
Cerro Azul (McBirney and Williams, 1969; 
Munro and Rowland, 1996). All of them are 
still active volcanoes and the eruptions of 
four of them have been reported in the last 

Figure 1. Three volcanic cinder showing visually different shiny metallic colors. (a) Blue, 
(b) Golden and (c) Silver
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sixty years such as at Wolf in 1963, 1982 
and 2015, Alcedo in 1993, Sierra Negra in 
1963, 1979, 2005 and 2018 and Cerro Azul 
in 1959, 1979, 1998, and 2008 (Global Vol-
canism Program, 2015; Toulkeridis, 2011). 

The Sierra Negra volcano is a large 
active shield volcano, rising 1124 m above 
the sea level (m.a.s.l.), being situated at the 
south-east end of the Isabela Island in the 
Galapagos archipelago (Geist et al., 2008; 
McBirney and Williams, 1969; Simkin, 
1984; Toulkeridis, 2011). This voluminous 
shield volcano, like most others in this area, 
has been formed as a result of the Galapa-
gos hotspot activity (White, McBirney, and 
Duncan, 1993). However, once the volca-
noes have been transported away from the 
hotspot they become extinct, due to the ESE 
movement of the overlying Nazca oceanic 
plate relative to the South American and Ca-
ribbean continental plates, some 1000 km to 
the east (Harpp and White, 2001; Hey, 1977; 
Holden and Dietz, 1972). Sierra Negra has 
a width from 60 to 40 km and an elliptical 
caldera that measures from 7 to almost 10 km 
in diameter (Amelung, Jónsson, and Zebker, 
2000; Reynolds, Geist, and Kurz, 1995). It 
is the largest and simultaneously the second 
shallowest caldera of all volcanoes of the 
Galapagos Islands (Chadwick and Howard, 
1991; White et al., 1993). Its eruptive centers 
and different lava fields have been subdivid-
ed into seven distinctive age groups all being 
younger than 5000 years old (Reynolds and 
Geist, 1995; Reynolds et al., 1995; Toulker-
idis, 2011). These centers produce from al-
kaline to tholeiitic basaltic lava flows that 
erupted from east to northeast trending by 
circumstantial and radial fissures situated on 
both sides of the summit caldera, on the upper 
flanks and on the western and eastern lower 
flanks (Geist, Childs, and Scholl, 1988; Kurz 
and Geist, 1999; White et al., 1993).

The caldera itself, which major axis 
strikes in an ENE-WSW direction, has un-
dergone several episodes of collapse, up-
heaval and deformation up to recent times 
(Amelung et al., 2000; Chadwick, Geist, and 
Johnsson, 2006; Geist, Chadwick, and John-
son, 2006; Jonsson, Zebker, and Amelung, 
2005; Yun, Segall, and Zebker, 2006). Partic-
ularly on the western side of the caldera floor 
inner parts of the caldera have been uplifted 
sub-parallel to the caldera rim, partially to al-
titudes higher than the caldera rim. 

Ten historic eruptions occurred and 
some involved a frequently visited calde-
ra rim fissure zone called “Volcán Chico” 
at the eastern outer margin of the caldera 
(Delaney, Colony, and Gerlach, 1973; Sim-
kin and Siebert, 1994; Toulkeridis, 2011). 
These explosive phases of the past have 
given rise to frothy pumice, which was fol-
lowed by the formation of agglutinate cones 
and voluminous lava flows. The former last 
volcanic event occurred in October 2005 
when the volcano, after a repose of 26 years, 
erupted for about a week (Geist et al., 2008). 
During this event, approximately the twen-
ty percent of the eastern caldera floor was 
covered, while a smaller part flowed outside 
the northern caldera rim (Fig. 2, Geist et al., 
2008). A further most recent event occurred 
in 2018 (Abe, Ohki, and Tadono, 2019).

At present day, in the surroundings of 
Volcán Chico as well as at the western margin of 
an internal horst of the caldera floor there is an 
ongoing fumarolic activity, which is fault-con-
trolled (Goff, McMurtry, and Counce, 2000; 
Goff and McMurtry, 2000; Padrón, Hernández 
and Toulkeridis, 2012). Four cinder samples 
corresponding to the eruption in October 2005 
and showing predominant colors such as black, 
silver, golden and blue, were collected within 
a circular area of 1 km of radius centered at 
the major vent (Fig. 2). The GPS coordinates 
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and heights where the samples were collect-
ed were 0°46’45.89’’S 91°06’56.14’’W, 993 
m.a.s.l., 0°46’55.57’’S 91°06’55.95’’W, 1026 
m.a.s.l., 0°46’55.84’’S 91°06’43.35’’W, 1018 
m.a.s.l. and 0°46’45.22’’S 91°06’43.00’’W, 
965 m.a.s.l. respectively for the samples black, 
silver, golden and blue.

Figure 2. Above: Geographical location and 
shaded relief map of Sierra Negra volcano 
on Isabela Island, Galapagos archipelago. 
Below: Geologic map of the caldera of Sierra 
Negra Volcano with inter caldera bench 
(ICB), discontinuous inter caldera bench 
(DICB), sinuous ridge (SR), adapted from 
Reynolds and Geist (1995), Geist, Harpp 
and Naumann (2008) and Toulkeridis (2011).

Methodology

The crystallographic structure and ele-
mental chemical composition of the four dif-
ferent cinder samples above mentioned have 
been determined by X-Ray Diffractometry 
(XRD) and Energy-dispersive X-Ray Spec-
troscopy (EDS) respectively, whereas the 
morphology analysis has been performed by 
Scanning Electron Microscopy (SEM). The 
XRD has been carried out using an Empy-
rean diffractometer from PANalytical oper-
ating in a θ-2θ configuration (Bragg-Brenta-
no geometry) and equipped with a Cu X-ray 
tube (Kα radiation λ = 1.54056 Å) operating 
at 40 kV and 40 mV. 

The elemental analysis has been ob-
tained by EDS which was performed on 
the SEM chamber at 30 kV using a Bruker 
X-Flash 6|30 detector, with a 123 eV resolu-
tion at Mn Kα. The morphological analysis 
has been elaborated using a Tescan Mira 3 
microscope equipped with a Schottky Field 
Emission Gun (Schottky FEG-SEM) that 
allows us to obtain a resolution of 1.2 nm 
at 30 keV. Prior XRD and EDS measure-
ments, we carefully scraped the sample sur-
faces and crushed them in a mortar adding 
acetone (EMSURE ®) in order to avoid the 
local heating that may induce phase chang-
es in the material. For the XRD, the ob-
tained powder has been deposited in a zero 
background XRD holder and for EDS the 
powder has been fixed in a stub previously 
covered with two layers of double coated 
carbon conductive tape. The morphological 
analysis of the surface of the samples has 
been performed by fixing small fragments 
of cinders of around 0.125 cm3 on SEM 
stubs and covering them with 20 nm of a 
conductive gold layer (99.99% purity) using 
a sputtering evaporator Quorum Q150R ES.
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Analysis and results

It is commonly accepted that the color 
of the cinders is originated by its chemical 
composition, however, there has not been any 
explanation or confirmation so far about the 
origin of its superficial shiny metallic colors. 
To clarify this issue, we have analyzed the sur-
face of cinders of four visually different colors 
by using the XRD, EDS and SEM. Fig. 3 dis-
plays the XRD diffractograms obtained from 
the powder of cinders of four different colors. 
The XRD pattern do not illustrate clear peaks 
and the trends apparently appear to be similar 
for all encountered colors. Therefore, we con-
cluded that the cinder samples do not indicate 
specific crystalline arrangement and there is no 
significant difference between different colors. 
The EDS measurements have been performed 
by considering the most common major ele-
ments represented in such volcanic samples, 
such as Na, Mg, Al, Si, K, Ca, Ti, Mn and Fe. 
In order to avoid biased determinations of the 
chemical compositions of the samples due to 
their inhomogeneity, we have averaged the 
spectra obtained from 10 points grid on a total 

area of at least 0.20 mm2. The presence of each 
element is denoted by the normalized weight 
percentage (norm. wt. %), which is the per-
centage in weight, supposing that the chosen 
elements represent the total composition of the 
sample. We have neglected from the calcula-
tion the presence of C and O, for which the 
abundance in porous samples is higher than 
50% (Goldstein, Newburry, and Echlin, 1992; 
Sánchez-Polo et al., 2019). In order to com-
pare the obtained EDS results, the norm. wt. % 
average values of each element and the stan-
dard deviation are listed in Table 1. The table 
clearly indicates that there are no substantial 
differences in the chemical composition of 
cinders of different colors. Considering the 
obtained results from XRD and EDS analysis, 
we may conclude that the chemical composi-
tion is lacking to be the fundamental reason of 
the origin of the encountered and observed su-
perficial metallic colors for these cinders.  

That leads to the consideration, that the 
variation in the superficial colors may be due 
to a well-known optical phenomenon called 
thin-film interference (Knittl, 1976). In such 
kind of interference, the light waves reflect-

ed from the top and bottom 
boundaries of a thin film in-
terfere with each other, either 
enhancing or reducing some 
colors in the reflected light. In 
order to confirm this assump-
tion, several pictures of the 
surface of the cinders have 
been taken by the FEG-SEM 
(Fig. 4). There, the surface is 
composed of grains of differ-
ent sizes, similar to nanocrys-
talline diamond films, which 
are grown by the Chemical 
Vapor Deposition (CVD) tech-
nique (Daenen, Williams, and 
D’Haen, 2006).

Figure 3. XRD patterns from Black, Silver, Golden and 
Blue cinder samples
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Table 1. EDS measurements (norm. wt. %).
Norm. 
wt. (%)

Blue Golden Silver Black

Na 6 ±1 6 ± 1 7 ±1 4 ±1
Mg 6 ±1 7 ±1 7 ±1 6 ±1
Al 13 ±1 12 ±2 13.3 ±0.4 12 ±1
Si 30 ±5 29 ±4 33 ±1 31 ±3
K 1.1 ±0.2 1.0 ±0.2 1.0 ±0.1 1.0 ±0.1
Ca 13 ±2 15 ±1 13 ±1 14 ±2
Ti 5 ±1 5 ±1 5 ±1 5 ±1

Mn 0.4 ±0.2 0.4 ±0.2 0.3 ±0.1 0.4 ±0.1
Fe 25 ±6 25 ±5 21 ±1 26 ±4

For each color, we have built a his-
togram based on an average of around 200 
measurements. The histograms were built by 
taking the diameter of the circumscribed circle 
which determines the grain size as described 

Figure 4. FEG-SEM pictures of the surface and grain size 
histograms taken at 10 kV for (a) Blue, (b) Golden, (c) Silver 
and (d) Black cinders.

in (Arroyo, Debut, and Vaca, 2016). The mean 
values obtained for silver, golden and blue 
cinders have been 180±60 nm, 150±40 nm 
and 100±40 nm, respectively. Black color has 
no grain structure (Fig. 4 (d)), and therefore 
no special order of interference and color pre-
dominance. The growing process seems to be 
similar to the nucleation of random-oriented 
crystals as depicted by (Williams, 2011). By 
imaging a transversal cut of one of these cin-
ders (Fig. 5), it is possible to observe that the 
grains are contained in a thin, nano-structured 
layer. The thickness of this layer has a similar 
size as the grain size, thus confirming our in-
terference interpretation.

Based on the aforementioned results, 
we are able to justify about which is the 

source origin and mag-
ma behavior of the sam-
pled cinders, knowing 
that their color is reflect-
ing different stages of 
crystallization velocity 
and ejection speed. That 
means, cinder with blue 
color has crystallized 
faster than cinder with 
silver or golden colors, 
as reflected by their 
smaller grain sizes (Fig. 
6). This observation 
may also serve in the 
general evaluation of a 
hazard area around an 
active volcano of such 
ejecting such pyroclasts 
and even the stability 
of such accumulated 
material (Jordá-Borde-
hore, Toulkeridis, and 
Romero-Crespo, 2016; 
Jordá-Bordehore and 
Toulkeridis, 2016).
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Fu r the rmore , 

similar to analogue 
studies of volcanic lava 
tubes and other volca-
nic environments or 
features on earth com-
pared with other plan-
ets or moons (Keszthe-
lyi, 1995; Keszthelyi et 
al., 2006; Léveillé and 
Datta, 2010; Squyres 
et al., 2007; Wilson 
and Head, 1994) or 
nanoparticles (Trejos 
E.M. et al, 2021). The 

obtained results may help to better character-
ize similar volcanic ejecta and their origin in 
other planetary environments, with similar or 
projected climate variations and subsequent 
conservation stages (Jakosky and Phillips, 
2001; McCanta et al., 2014; Morris et al., 
2000; Poulet, Bibring, and Mustard, 2005). 
Recent studies and associated observations 
on Mars within the Gusev crater have con-
cluded on prominent parallel layering of 
accumulated pyroclastic materials, practical 
identical in appearance and chemical com-
positions to those pyroclasts of Sierra Neg-
ra volcano (Brož and Hauber, 2012). Such 
observations of Mars confirmed in a variety 
of studies the eruptive styles to be mainly 
effusive while having the resemblance of 
large shield volcanoes, with several volcanic 
cones, like cinder cones among others iden-
tical to those of Galapagos or Hawaii (Brož 
and Hauber, 2012; Ghent, Anderson, and 
Pithawala, 2012; Gulick and Baker, 1990). 
They also display shallow flanks, which were 
interpreted to be composed of pyroclastic 
deposits, mainly deposited by airfall (Brož 
and Hauber, 2012; Gregg and Farley, 2006; 
Kerber, Head, and Madeleine, 2011; Kerber, 
Head, and Madeleine, 2012).

Figure 5. Sections of a cinder obtained by FEG-SEM at 10kV 
where one can observe a thin layer formed by grains

Figure 6. Color variations of cinder of the 
pyroclasts ejected on the surface of Sierra 
Negra volcano, Galapagos
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Conclusions

The unknown origin of the metallic 
shiny color of volcanic cinders has been re-
vealed with a detailed analysis based on XRD, 
EDS and SEM measurements. The obtained 
results point out that the origin of the colors 
is a thin film interference effect. Furthermore, 
our findings reveal a lack of information about 
the chemical processes involved in the for-
mation of the surface layer of cinders. Such 
studies on volcanic environments of hot spots 
are extremely useful in planetary studies with 
similar geodynamic settings and landscapes.
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