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Abstract
A wide variety of spherules and aluminum-silicate accretionary particles are found associated to allochthonous breccia deposits within the
Colônia impact crater, SE Brazil. Using morphological, textural and compositional variation parameters, four types of spherules can be iden-
tified: (i) iron spherules and (ii) silicate-iron spherules, both dominant, and scarce (iii) titanium-silicate-iron spherules and (iv) copper-nickel-
iron spherules. The spherules range in size from 0.1 mm up to 0.5 mm, and exhibit noticeable splash kinematic shapes with variations for
spherical, oval, prolate and droplet. Textural patterns include granular massive, polygonal junctions, and several types of dendritic growth. Iron
spherules are mainly pure iron oxides (magnetite and/or hematite) and contain low contents in Mg, Na, K, P and also in REE; occasionally, they
may contain Si and Mn. Silicate-iron spherules differ for the higher concentrations in Si and in a few times in Ti and Ca. The accretionary
particles have nothing in common with the spherules, except for its close spatial and temporal occurrence. In terms of morphology, they do not
show symmetric splash-form shapes and some of them are clearly composed of different parts of fine pieces of mineral fragments mechanically
aggregated in a partially molten state before the deposition. Chemical composition of accretionary particles reveals abundance of the elements
Si, Fe and Al, presence of K and less commonly of Ti, Ca, Na and P. Because these elements are found in great amounts in minerals of the
regional country rocks, it is assumed that the formation of both splash-form spherules and accretionary particles is probably related to the
melting of metamorphic lithologies of the crystalline basement due to hypervelocity impact event.
Copyright © 2021, Guangzhou Institute of Geochemistry. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Spherules are discrete natural solid particles which can be
less than a hundred micrometers to a few millimeters in
diameter (Brown and Scriven, 1908). The first discovery of
magnetic spherules deposits was in deep-sea sediments during
the H.M.S. Challenger expedition (Murray and Renard, 1891).
A few years later, various other similar deposits were found in
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different geological settings: desert sand (Fredriksson and
Gowdy, 1963), beach sediments (Marvin and Einaudi, 1967)
and even in the Antarctic ice sheet (Wagstaff and King, 1981).
Those spherules were often described as being of extrater-
restrial origin, micrometeorites or comet dust. With the
improvement of analytical tools used to non-destructively
determine the chemical composition of small volumes of
solid materials was possible to recognize three main groups: a)
metallic spherules, b) silicate spherules e c) glass spherules
(Ma et al., 1987). After this initial precursor phase, several
researchers have reported the occurrence of spherules or
spherule layers as being of cosmic, volcanic, impact and
d hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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industrial origin (Guaita and Martegani, 2008; Niyogi et al.,
2011; Glass and Simonson, 2012; Genareau et al., 2015).
Impact spherules are nearly spherical droplets that can be
formed in two ways: as metal-silicate splash particles of
ejected impact melt and as condensates from the rock-vapor
plume (Johnson and Melosh, 2012). Glassy spherules that do
not contain any crystallites are called microtektites and
commonly originated as melt spherules which cooled too
quickly forming glass bodies (Glass, 1990; Glass and
Simonson, 2013). In contrast, crystal-bearing spherules are
typical to have originated from vapor condensates which
cooled slowly enough to form spherules with microlites of
primary minerals and are termed microkrystites (Glass and
Burns, 1988; Ebel and Grosmman, 2005). According to
Glass and Simonson (2013), the glass spherules originated
from the impact-generated melts are generally heterogeneous
and can incorporate unmelted or partially melted mineral
grains. Individual layers rich in spherules interpreted as distal
impact ejecta are well-known in the literature. The first records
documented as such are the occurrence of Barberton green-
stone belt, South Africa, and Warrawoona Group, Western
Australia, both of Paleoarchean age (Glass and Simonson,
2012). In many cases, these deposits are the only records of
the existence of an ancient impact and it is therefore of great
importance to understand the conditions under which the
spherules were generated and its relationship with the crater-
ing process (Simonson and Glass, 2004; Johnson and Melosh,
2012).

In studies performed by Vel�azquez et al. (2018) were re-
ported the occurrence of spherules in association with
allochthonous breccia deposits within the Colônia impact
crater. This paper presents a detailed study of the morphology,
texture and chemical composition of these spherules helping
to elucidate their origin.

2. The Colônia crater

Spherules and accretionary particles are found in
allochthonous breccia deposits in the interior of the Colônia
crater (23�5200300S and 46�4202700W), a circular morphological
feature spreading over an area of 10.2 km2 that lies in the
region of Parelheiros, approximately 40 km SW from the
center of S~ao Paulo city, Brazil (Fig. 1A; Vel�azquez et al.,
2018). It has been proposed by several authors (Kollert
et al., 1961; Cr�osta, 1987; Riccomini et al., 1989, 1991,
1992, 2005, 2011; Masero and Fontes, 1992; Vel�azquez et al.,
2010, 2013) that this depression was originated by the impact
of a large extraterrestrial body, leading to the formation of a
huge hole with 3.6 km rim-to-rim diameter in crystalline
basement rocks of Neoproterozoic age of the Ribeira Fold Belt
(Hasui et al., 1975), mainly consisting of mica schists,
quartzites, gneisses and migmatites (Coutinho, 1980). Pres-
ently, the depression is filled with organic-rich silty clay of
Quaternary age, minor intercalations of mudstone and Pre-
cambrian rock fragments, and it is partially covered by
vegetation, remnants of an original forest. It forms a planned
area with small hills up to 125 m higher than the inner swampy
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alluvial plain. The whole area has been in part occupied by a
local community, the Vargem Grande district, clustering
nowadays over 45,000 people. The crater, clearly evidenced by
aerial photographs and satellite images (Fig. 1B and C), was
primarily subject to a gravimetric/electrical resistivity survey
by Kollert et al. (1961) that estimated the depth of the base-
ment at the center of the depression between 285 and 400 m.
Additional geophysical information (gravimetric, geoelectrical
and seismic surveys) resulted from the papers by Masero and
Fontes (1992), Motta and Flexor (1991) and Neves (1998).
Based on new seismic data, Riccomini et al. (2011) suggested
for the crater a sedimentary fill of approximately 275 m
thickness. Over recent years, boreholes drilled inside the
depression for groundwater exploration reached depths up to
197 m in crystalline rocks. Furthermore, the Basic Sanitary
Company of S~ao Paulo State (SABESP), aiming to supply
drinking water for the local community, put in operation in
March 2014 a conventional vertical drilling project 304 m long
(drilling 3 in Fig. 1C) that, however, did not reach the
basement.

Direct evidence for the impact origin of Colônia was pro-
vided and discussed for the first time by Vel�azquez et al.
(2010, 2013). These authors described a series of distinctive
shock-metamorphic features, including planar deformation on
minerals, ballen quartz with heterogeneous extinction, gran-
ular extinction in zircon crystals and melt-bearing impact
rocks. In addition, Vel�azquez and their collaborators have
spent a great deal of work in the study of the crater, calling
especially the attention for the needs of its preservation as a
natural patrimony (Vel�azquez et al., 2006, 2008, 2014).

3. Sampling and analytical methods

Recovery material from the borehole 3, collected at each
2 m interval, consisted of a heterogeneous and discontinuous
petrographic association basically having non- and fractured/
brecciated crystalline rocks, lithic fragments and mineral
clasts in addition to some intercalations of terrigeneous,
organo-pelitic sediments. Spherules are found in the interval
of 180e224 m depth, being, however, more frequent at the
level of 198 m depth (Fig. 2). From the whole set of collected
microspherules, 20 out of a total of 50 were selected for the
characterization of morphological features and chemical
composition analyses.

A simple elutriation technique was used to remove fine
particles (<0.01 mm), being the sample size higher than
0.35 mm and lower than 1 mm. Samples were dried at 80-
90 �C temperature and separation of spherules employed a
binocular stereomicroscope of 100x magnification.

Chemical analyses were determined by a Jeol JXA-8530F
field emission electron microprobe utilizing both EDS and
WDS systems. Analytical conditions comprised acceleration
voltage of 15 kV, beam current of 20 nA and beam diameter of
5 mm. For the X-ray secondary images electronic conditions
were 10e15 kV and 200e400 pA, respectively. Images
magnification ranged from 40 to 25,000 times. As analytical
standards were employed synthetic material (REE phosphate



Fig. 1. Location of the study area (A and B) and morphological aspect of the Colônia impact crater (C). The numbers show the sites of the boreholes within the

structure: 1, 270 m, Riccomini et al. (2011); 2, 197 m, Vel�azquez et al. (2013); 3, 304 m (Vel�azquez et al., 2018).
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and rhyolitic glasses) and different minerals made available by
the National Museum of Natural History, Smithsonian,
Washington D.C. For information on the standards see paper
by Jarosewich et al. (1980).

4. Morphological aspects

Individual spherules are characterized by a wide variety of
sizes and shapes. The spherules range in size from 0.1 mm up
to 0.5 mm, the most prevalent value being 0.5 mm. Adopting
the geometrical analysis criteria previously proposed by
Stauffer and Butler (2010) to study the shapes of splash-form
tektites, the spherules can be characterized as a typical splash
kinematic shape with variations for spherical, oval, droplet,
and, less often, prolate (Fig. 3). Different shapes and surface
marks are conspicuous features. Previous studies from the
literature (Brown and Scriven, 1980; Elkins-Tanton et al.,
2003; Butler et al., 2011) indicate that these features result
of different spinning speed during the freezing of the droplets
of molten rock ejected, leading to a continuous formation of
aerodynamic rotational splash shapes. Agglutinated forms
made up of two or more spherules melted together were also
noticed (Fig. 3F, G and K). In this case, the spherules display a
crushed contact surface (Fig. 3F), suggesting that the particles
collided in a partially molten state under aerodynamic
conditions.

The external surface of spherules may range from shiny,
overshadow, smooth, rough and striated, and in most cases is
covered by microcraters and pits. The former are small cir-
cular depressions that distort the flat surface of the spherules
whereas the pits are tiny hollow with radial cracks showing a
wide diversity of shapes (irregular, circular or rarely star). The
microcraters and pits represent clear evidence of successive
stages of post-solidification collision (Prasad and Sudhakar,
1998; Prasad and Khedekar, 2003). The stria marks consist
of a set of fine parallel lines with contorted appearance
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exposed on the surface of spherules and are interpreted as
schlieren structures generated from liquid droplet.

A large number of accretionary particles occur associated
with the spherules. The particles have different shapes, sizes
and colors, with the major axis slightly larger than 0.4 mm and
the color mostly varying from yellowish brown to dark reddish
brown. Unlike the spherules, the accretionary particles exhibit
several bubbles on the surface, chaotic features of plastic flow
and markedly curved edges (Fig. 4). Bubbles or vesicles are
interpreted according to Belza et al. (2017) as outgassing of
volatile components rapidly exsolving from the melt during
quenching. The presence of relict grains without bubbles
seems to indicate that they have not melted completely during
the formation process. Some particles are clearly formed of
different parts that presumably would have agglutinated in a
partially molten state before the deposition.

5. Textural features

SEM images were employed to detail the topographic
contrasts of the spherules and accretionary particles. The
relation between size and shape of the grains as well as the
microfabrics that result from the interlaced pattern arrange-
ment are used to support some inferences about the texture of
spherules. Based on these parameters, it is possible to distin-
guish three types of surface texture: smooth, moderate and
rough. Spherules with smooth texture show compact crystal-
line structure, flat and polished surface (Fig. 5A) and are
composed of fine grains interlaced of random arrangement
with trapped frozen fluids in the interstices (Fig. 5B). The
interstitial phase exhibits a variety of quench texture only
developed by a liquid that has not reached the critical initial
step of nucleation to trigger crystallization. Thus, this textural
pattern represents an important evidence supporting the hy-
pothesis that such a splash-shape spherule would have been
formed by a quick cooling of rotational molten droplets. The



Fig. 2. Frequency polygon illustrating the relationship between the depth and

the relative abundance of spherules from 50 samples.
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other two textures display very different patterns: moderate
with a surface slightly wavy (Fig. 5C) and rough with a sur-
face uneven or irregular (Fig. 5F). A polygonal pattern was
most commonly noted in spherules with moderate surface
texture (Fig. 5C and D). This pattern is formed of magnetite
grains that are all approximately of the same size, and the
face-to-face junction follows the symmetry elements involved
in the crystal face (Fig. 5E). Assuming that the volume of the
droplets remains constant during the cooling and considering
that the grains exhibit well-developed faces, with the grain size
varying slightly, the texture is interpreted as evidence of a
morphological change from an initial droplet shape to a
“soccer ball-like shape” faceted under slow cooling crystalli-
zation conditions. Lastly, the spherules with rough surface
texture are mostly composed of grains dendritic and skeletal
plates with variable arrangement (Fig. 5G). A wide range of
random dendritic patterns, in particular the lateral branches,
has been observed and detailed images are found in some
spherules of Fig. 6. Dendritic crystals radiating from a single
point at the edge of the spherules are common; however, in
some cases the branching reveals a clear dissemination from
the border to the center of the spherules. A set of fine parallel
striations can be associated to the dendritic arms (Fig. 5H).
Dendritic structures of minerals are related to growth condi-
tions, especially cooling rates, being their formation due to the
very rapid cooling of molten material (Flemings, 1974; Xu,
2004; Glicksman, 2011).

The external textures of the accretionary particles usually
differ from those of splash-shape spherules (Fig. 7). In general,
the polished sections reveal a heterogeneous morphology on
all scales. The angular particles are accreted grain clusters in a
fine matrix of fluidal texture masked by red-brown iron oxide
originated from rocks intensely crushed. Therefore, the frag-
ments may include small pieces of preexisting rocks, mineral
fragments, and other debris. Although the features of the
textural framework may seem insufficient, petrographic
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evidence documented by Vel�azquez et al. (2018) support that
the accretionary particles had an impact origin.

6. Chemical composition

The concentration of major and minor oxides and some
trace elements of all investigated spherules and accretionary
particles is listed in Table 1 and the spot analysis position
shown in Figs. 6 and 7. In terms of compositional variation,
four types of spherules with striking differences in content of
major elements can be distinguished: (i) iron spherules (MS-
Gr-1, 4, 12), (ii) silicate-iron spherules (MS-Gr-3, 8, 10, 16),
(iii) titanium-silicate-iron spherules (MS-Gr-15), and (iv)
copper-nickel-iron spherules (MS-Gr-13). Iron spherules have
usually iron oxide content (Fe expressed as Fe2O3) higher than
97 wt% and very low concentration for the other elements.
They are considered to be pure iron oxide minerals, such as
magnetite and hematite. Regarding silicate-iron spherules, the
main chemical changes are related to the Si concentration,
ranging between 0.5 and 26 wt%. Fe is present in the iron
oxide crystals and Si occurs in different proportions in the
matrix. Some iron oxide crystals show Ca content up to 4 wt%.
Substantial compositional differences were registered for the
titanium-silicate-iron spherules, exhibiting expressive enrich-
ment in Si, Ti, Ca and at lesser extent in Al and Mn. The main
variations are usually the high Ti content (>4 wt%) and the
significant presence of Si (5.4e24 wt%), Al (0.9e5.2 wt%)
and Mn (2.1e3,9 wt%). Samples of this group (MS-Gr-2 and
MS-Gr-15) contain high Fe (>60%), Ca (>19 wt% and
>6.6 wt%, respectively) and Zr (MS-Gr-15, >9.8 wt%) con-
centrations, whereas Mg, Na, K and P are present in low
amounts or below the detection limit. The copper-nickel-iron
spherules are represented by an unique sample showing the
highest abundance in Ni (28e31 wt%) and Cu (11e15 wt%).
These elements are believed to be incorporated into the iron
oxide crystals and within the matrix. The Fe content in the
sample is less than 60 wt% and, similar to the other spherules,
Mg, Na, K and P are only present in small amounts (Table 1).

The accretionary particles are characterized by a much
more heterogeneous composition when compared to the
spherules. In general, they exhibit high contents in Si, Al, Fe
and K (Table 1) and based on the concentration of these ele-
ments, three types of dominant chemical composition can be
distinguished: (i) aluminum-silicate accretionary particles
(AP-Gr-1), (ii) aluminum-iron-silicate accretionary particles
(AP-Gr-3, 8, 10) and (iii) aluminum-potassium-silicate
accretionary particles (AP-Gr-5). The data available for the
first type indicate at least three distinct components, two
crystalline phases with marked compositional difference and
one phase that mostly occurs in the submicroscopic matrix
(Fig. 7A). Judging from the high contents of Si and SieAl, the
crystalline minerals are thought to be discrete fragments of
quartz and of an aluminum-rich phase set in a fine matrix
made up by Si, Al, Fe and Ca. Aluminum-iron-silicate-rich
accretionary particles include samples greatly variable in
composition. For the different crystalline phases, the variation
is mainly related to the Si, Al, and K concentrations. Thus,



Fig. 3. Stereomicroscope images of several splash kinematic shapes common to the spherules, including spherical (H, J and L), oval (I), prolate (A) and droplet (D).

Agglutinated forms are shown in E, F, G and K. In F, the arrow points to the junction surface between spherules. Presence of microcraters is observed in A, H, J and

L. Primary star-shaped pit can be noted in B and other pits with more irregular appearance in D and K.

Fig. 4. Accretionary particles with various marks and features on the surface. All display chaotic surface, curved edge and plastic fluidal texture. Shaded relief

based on stereomicroscope digital images: original color and natural brightness, vertical lighting source, roughness contrast 3%.

Fig. 5. SEM images of spherules illustrating the morphological aspects and some surface features. A) Perfect spherical shape and smooth surface. B) Detail of

smooth surface in A showing a compact mosaic of fine crystals with trapped frozen fluids in the interstices (white arrow). C) Spherical shape and moderate surface

with polygonal pattern. D and E are enlarged images of “soccer ball-like shape” with clear evidence of a face-to-face junction of the magnetite crystals (black

arrow). F) Slightly oval shape and rough surface, mostly composed of grains dendritic and skeletal plates, which are more evident in G. H) Set of fine parallel

striations is noticeable among the dendritic arms (black arrows).
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high AleK content suggests the occurrence of remaining
crystals of alkali feldspar and Si concentrations more than
97 wt% indicate the presence of small relict grains of quartz.
Except for the AP-Gr-10-7 sample, which has a Ti content
greater than 75 wt%, the matrix of these materials is essen-
tially formed, in order of abundance, by Fe, Si, Al and P.
Aluminum-potassium-silicate-rich accretionary particles
contain basically the same crystalline phases, being in general
enriched in AleK. Although the matrix components are not
proportionally identical, there is good similarity with respect
to the main chemical characteristics, including the variable
contents of Fe, Si, Al and P. In the whole set of samples,
spherules and accretionary particles reveal essentially an
abundance of three oxides: silica, iron oxide and aluminum
oxide. The representation of these components in a Fe2O3-

eAl2O3eSiO2 ternary diagram (Fig. 8A) shows a clear con-
centration of samples along the Fe2O3eSiO2 and Al2O3eSiO2

sides. Similar behavior was registered
for the Fe2O3eCaO þ MgO þ TiO2eSiO2 and
Al2O3eCaO þ MgO þ TiO2eSiO2 diagrams (Fig. 8B and C,
respectively). Although variations for these elements do exist
between the two groups, the chemical affinity seems to be
evident. Therefore, the similar behavior noticed for the major
elements is a strong suggestion that both the spherules and
accretionary particles would have a common origin.

7. Discussion and final considerations

During the hypervelocity impact craters formation, the ki-
netic energy of the bolide is transformed at the impact site into
high-pressure shock waves and the impactor and target rocks
Fig. 6. SEM images of polished sections of several spherules showing a wide variet

as in Table 1 and the asterisk indicates the beam position.

32
are pulverized and ejected into a fireball cloud containing a
mixture of vapor, melt products, shocked and unshocked rocks
debris, and breccias (Grieve and Therriault, 2012; Osinski and
Pierazzo, 2012). Most of the material is expelled and depos-
ited around the crater to form an ejecta blanket, but a part is
straight up and falls back inside the crater, forming the so-
called fallback ejecta (Melosh, 1989; St€offler and Grieve,
2007). The deposits of impact ejecta, distal or fallback,
generally form thin layers and they can contain sand-sized
spherical particles or smaller known as impact spherules
(Simonson and Glass, 2004). According to Johnson and
Melosh (2014), impact spherules are formed from vaporized
material or impact melt products, within high temperature
impact plumes, which afterward would have cooled quickly in
aerodynamic conditions. Impact spherules occur in a wide
variety of forms, including spheres, ellipsoids, oblates, flat
discs and dumbbells, and some authors have proposed that
such forms resulted from the combined action of surface
tension and centrifugal forces that acted during the rotation of
the fluid droplets (Brown and Scriven, 1980; Elkins-Tanton
et al., 2003; Stauffer and Butler, 2010; Butler et al., 2011).

Discrete layers containing impact melt-bearing impactites
were described by Vel�azquez et al. (2018) from allochthonous
breccia deposits within the Colônia impact crater. Impact melt
products comprise different petrographic types generated
under high pressure and temperature conditions from the
regional country rocks of the crystalline basement. A wide
variety of iron spherules and aluminum-silicate accretionary
particles occur associated in a similar way to those spherules
previously described in the literature from other localities.
Based on a careful examination of their shape, microstructure,
y of textural arrangement and dendritic growth. Alphanumeric identification is



Fig. 7. SEM images of polished sections of some accretionary particles illustrating a large number of different crystalline phases immersed in a fine heterogeneous

matrix. Alphanumeric identification is as in Table 1 and the asterisk indicates the beam position.
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texture and chemical composition, four main groups can be
recognized: (i) iron spherules, (ii) silicate-iron spherules, (iii)
titanium-silicate-iron spherules, and (iv) copper-nickel-iron
spherules. The most distinctive characteristics of the spher-
ules are: 1) morphology, which can be found in different
“splash-forms” ranging from perfect spheres to oval, droplet
and prolate. Fused or agglutinated spherules may also be
present. Numerical model performed by Stauffer and Butler
(2010) and research conducted on fluid dynamical in labora-
tory by Elkins-Tanton et al. (2003) have shown that such forms
result from the way in which molten drops spun in free rota-
tion conditions; 2) microstructure and surface sculpturing,
these are peculiar destructive marks (microcraters and pits)
that stand out on the surface of the spherules, usually inter-
preted as due to successive collisions in free flight after so-
lidification (Prasad and Sudhakar, 1998; Prasad and Khedekar,
2003). Accounting on the size of the spherules (~0.5 mm) and,
in particular, the shape and depth of impact marks, it is
assumed that the particles would have collided at very high
speed; and 3) texture and microfabric, these are characterized
by the variation of size, shape and preferential distribution of
the mineral grains, being possible to distinguish at least three
different textural types: (i) allotriomorphic granular or gran-
ular massive, consisting of randomly oriented interlocking
grains with some interstitial frozen fluids; (ii) polygonal
junctions, crystals with well-developed faces tending to form
triple junctions at 120-degree angles; and (iii) dendritic pat-
terns, they develop whenever the formation of crystals with
regular faces is replaced by the growing and agglutination of
tiny grains forming several branches. In a broader context,
these textural patterns are highly suggestive of a significant
fluctuation of the thermodynamic conditions (P-T) that would
have directly influenced in the cooling rate and in the dynamic
of crystallization of the minerals during the solidification of
iron spherules, as proposed by Belza et al. (2017) for the distal
spherules from the K-T boundary in the Umbria-Marche re-
gion, Italy.

In terms of morphology appearance, the accretionary par-
ticles have nothing in common with the iron spherules, except
for its special and temporal occurrence. They do not exhibit
symmetric splash-form shapes and are clearly composed of
different mineral fragments that presumably would have me-
chanically aggregated in a partially molten state before the
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deposition. These particles have microgranular accretionary
fabric and the most frequent mineralogical assemblage con-
tains quartz and feldspar grains set in an aluminum-iron sili-
cate matrix. Plastic flow of chaotic aspects and a large number
of bubbles are recognized. Most of the described textural
features present similarities with the descriptions given by
Addison et al. (2005) for the melt fragments and impact
accretionary material forming the Sudbury ejecta, Canada.

The chemical compositions suggest that both iron spherules
and accretionary particles have substantial major-element
compositional heterogeneity. One of the most striking obser-
vation is that spherule samples contain usually great amount of
Fe and low concentration of Mg, Na, K and P, suggesting a
possible volatilization of these elements during the initial high
temperature phase. Also, they are typically REE-poor. Some
other spherules are characterized by expressive enrichments in
Si, Ti, Ca and at lesser extent in Al and Mn. Only one sample
is considerably abundant in Ni and Cu. Substantial variations
in FeeSi and AleSi contents are registered in all accretionary
particles. However, some of these samples can also show a
significant enrichment in Ca and K. This compositional dif-
ference is in a greater or lesser degree due to the presence of
relict mineral grains, mainly quartz and feldspar, in the
mineralogical assemblage. Because these elements are very
common in silicate minerals (quartz, feldspar and mica) it is
quite reasonable to assume that both splash-form spherules
and accretionary particles would have formed from the
melting of crystalline basement rocks.

As pointed out early, the spherules can be originated by
different ways in nature: cosmic, volcanic, anthropogenic and
impact-related melting of terrestrial target rocks. Arguments
favoring the latter hypothesis are as follow: 1) dominant
rotational splash-forms of the spherules (Fig. 9) are considered
by several authors (Elkins-Tanton et al., 2003; Prasad and
Khedekar, 2003; Stauffer and Butler, 2010) as primary evi-
dence to distinguish impact spherules of other naturally
occurring, except those of volcanic origin (Glass and
Simonson, 2013); 2) surface sculpturing or impact marks
(microcraters, pits with radial cracks and star-shaped pit) have
been used as an important criterion to identify spherules of
impact origin (Glass, 1974; Prasad and Sudhakar, 1998); 3)
dendritic patterns and interstitial frozen fluids in granular
massive texture, similar to those described by Blau et al.



Table 1

Representative analyses of major and minor oxides and some trace elements of spherules and accretionary particles. Alphanumerical identifications indicate the nature of sample (MS, microspherules; AP,

accretionary particles), the beam position (Gr-1-1) and the analyzed material (C, crystal; CC, coarse crystal; FC, fine crystal; VFC, very fine crystal; M, matrix).

Sample/Position Material SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 V2O3 Cr2O3 NiO CuO ZnO SrO Y2O3 ZrO2 Nb2O3 Cs2O Ce2O3 La2O3 HfO2 Total

MS-Gr-1-3C Iron spherule 1.99 0.08 0.20 100.65 0.75 0.10 0.14 0.02 0.00 0.01 0.03 0.04 0.04 104.05

MS-Gr-1-1M 0.28 0.06 0.17 103.10 0.59 0.01 0.02 0.01 0.06 0.02 0.01 0.02 0.02 104.37

MS-Gr-2-2FC Titanium-

silicate-iron spherule

11.77 4.57 0.96 64.16 2.08 19.84 0.01 0.13 0.02 0.06 0.01 0.01 0.08 0.03 0.06 103.78

MS-Gr-2-4M 12.62 4.37 1.46 64.79 2.40 19.59 0.01 0.01 0.04 0.03 0.01 0.05 0.05 0.02 0.08 0.02 0.05 105.60

MS-Gr-3-1C Silicate-iron

sphereule

3.42 0.14 0.14 103.14 0.24 0.00 0.08 0.15 0.00 0.13 0.02 0.01 0.03 107.50

MS-Gr-3-2M 26.29 0.11 0.33 81.65 0.70 0.02 0.01 0.20 0.01 0.02 0.02 0.00 0.01 0.01 0.01 0.00 0.01 109.41

MS-Gr-4-1FC Iron spherule 0.22 0.03 106.72 0.94 0.26 0.01 0.03 0.02 0.08 0.03 0.03 0.01 0.01 108.39

MS-Gr-4-1FC 0.26 0.07 104.50 0.37 0.01 0.01 0.00 0.02 0.01 0.00 0.04 0.00 0.04 105.34

MS-Gr-8-1FC Silicate-iron

spherule

0.53 0.17 101.62 0.25 0.01 0.02 0.02 0.01 0.91 0.02 0.01 0.04 103.62

MS-Gr-8-2FC 8.65 0.40 95.04 0.36 0.02 0.05 0.01 0.02 0.14 0.05 0.02 0.02 0.03 0.03 0.01 0.01 0.02 0.02 0.01 104.91

MS-Gr-9-1VFC Silicate-titanium-

iron spherule

19.39 21.63 1.73 21.94 9.84 2.02 4.42 0.12 0.13 0.42 0.42 0.09 0.09 0.48 0.01 0.02 0.33 0.05 0.02 0.07 83.22

MS-Gr-9-3C 0.11 1.03 0.14 99.21 0.37 0.18 0.34 0.00 0.00 0.21 0.21 0.13 0.50 0.04 0.04 0.04 0.01 0.02 0.03 102.60

MS-Gr-10-1FC Silicate-iron spherule 2.71 0.02 0.03 105.81 0.59 0.03 0.00 0.00 0.06 0.16 0.03 0.02 0.03 0.01 0.04 109.54

MS-Gr-10-2M 26.16 0.28 78.81 1.56 0.00 0.15 0.12 0.30 0.03 0.01 0.07 0.05 0.05 0.02 0.01 0.02 107.64

MS-Gr-12-2C Iron spherule 1.55 0.05 101.48 0.57 0.03 0.03 0.08 0.00 0.02 0.05 0.00 0.05 0.03 0.02 0.03 104.00

MS-Gr-12-1VFC 0.24 0.16 0.01 102.39 0.55 0.02 0.01 0.00 0.04 0.03 0.07 0.05 0.00 0.04 103.61

MS-Gr-13-3C Copper-nickel-iron

spherule

0.05 58.34 0.01 0.04 0.00 0.01 31.44 15.61 0.03 0.03 0.01 105.57

MS-Gr-13-1C 0.07 0.11 0.35 59.72 0.00 0.04 0.02 0.01 28.64 11.49 0.03 0.03 0.01 0.01 0.01 100.54

MS-Gr-15-1FC Titanium-silicate-iron

spherule

5.41 14.14 1.99 76.12 2.29 0.01 1.59 0.08 0.13 0.11 0.05 0.02 3.04 0.05 0.09 105.12

MS-Gr-15-2M 24.07 17.13 5.22 32.93 3.90 0.00 6.69 0.00 0.01 0.45 0.19 0.01 0.00 0.02 0.02 0.04 0.00 9.85 0.23 0.04 0.00 0.11 100.91

MS-Gr-16-1C Silicate-iron spherule 2.97 1.05 0.14 92.43 0.60 0.08 3.42 0.01 0.01 0.13 0.02 0.04 0.02 0.08 0.02 0.00 101.01

MS-Gr-16-2C 4.96 1.18 0.24 89.74 0.56 0.10 4.47 0.02 0.04 0.04 0.04 0.09 0.00 0.00 0.06 0.01 0.01 0.04 101.59

AP-Gr-1-1C Aluminum-silicate

aggregate

100.10 0.02 0.01 0.01 0.01 0.10 0.01 0.01 0.04 0.03 0.00 100.35

AP-Gr-1-5M 38.55 29.61 5.90 0.20 23.76 0.02 0.07 0.02 0.01 0.31 0.03 98.45

AP-Gr-1-2C 46.11 51.67 0.32 0.01 0.12 0.31 0.07 0.14 0.05 0.01 0.05 0.11 0.05 0.04 99.06

AP-Gr-3-2C Aluminum-iron-

silicate aggregate

100.31 0.01 0.02 0.01 0.01 0.00 0.03 0.00 0.01 0.02 0.06 100.48

AP-Gr-3-3C 64.39 18.42 0.18 0.02 0.58 15.92 0.60 0.02 0.01 0.03 0.08 0.01 100.26

AP-Gr-3-5M 5.48 0.09 3.26 66.13 0.16 0.29 0.55 0.05 0.04 2.67 0.06 0.00 0.00 0.01 0.11 0.00 0.00 0.01 78.92

AP-Gr-3-7M 3.85 0.03 2.84 70.11 0.21 0.31 0.46 0.03 2.00 0.06 0.00 0.03 0.03 0.00 0.01 0.02 80.00

AP-Gr-5-1M Aluminum-potassium-

silicate aggregate

7.76 2.13 71.64 0.36 0.34 0.02 0.05 3.37 0.00 0.04 0.00 0.05 0.02 0.04 85.82

AP-Gr-5-2M 8.15 0.08 2.27 72.52 0.56 0.31 0.08 0.26 2.95 0.02 0.01 0.01 0.06 0.04 0.01 0.02 0.00 87.33

AP-Gr-5-4C 101.19 0.03 0.03 0.58 0.01 0.01 0.00 0.14 0.04 0.03 0.05 0.02 0.03 102.15

AP-Gr-5-5C 64.37 0.13 18.34 0.41 0.01 0.66 15.88 0.05 0.02 0.03 0.02 0.03 0.00 0.02 0.03 100.01

AP-Gr-5-6C 64.40 0.08 18.29 0.21 0.02 0.74 15.69 0.12 0.02 0.04 0.00 99.60

AP-Gr-8-1C Aluminum-iron-silicate

aggregate

64.24 18.29 0.59 0.73 15.72 0.04 0.01 0.02 0.01 99.65

AP-Gr-8-6C 8.32 0.19 1.14 70.98 0.01 0.22 0.44 0.01 0.06 2.60 0.01 0.01 0.02 0.02 0.01 0.03 0.05 84.11

AP-Gr-8-7M 8.20 0.02 1.09 71.95 0.02 0.25 0.40 0.24 0.07 2.16 0.01 0.00 0.02 0.00 84.45

AP-Gr-8-8M 6.68 1.37 76.69 0.24 0.65 0.07 0.09 3.83 0.04 0.00 0.01 0.01 0.02 0.07 0.00 89.78

AP-Gr-8-9C 69.17 28.33 0.07 0.02 0.62 10.03 0.01 0.02 0.00 0.04 0.10 0.03 0.00 108.42

AP-Gr-10-1C Aluminum-iron-silicate

aggregate

100.51 0.08 0.01 0.76 0.00 0.01 0.00 0.06 0.04 0.01 0.03 0.05 101.57

AP-Gr-10-3C 64.05 18.77 0.14 0.01 0.01 0.64 15.99 0.76 0.00 0.00 0.01 0.02 0.03 0.05 100.50

AP-Gr-10-5M 6.92 2.21 73.51 0.06 0.27 0.29 0.03 0.16 1.32 0.03 0.01 0.03 0.03 84.87

AP-Gr-10-7M 1.51 77.24 1.02 11.80 0.04 0.10 0.69 0.11 0.05 1.33 0.51 0.36 0.03 0.01 0.25 95.04

AP-Gr-10-8M 6.40 1.60 74.52 0.02 0.31 0.25 0.01 0.01 1.53 0.02 0.01 0.04 0.00 0.04 0.03 84.78

Alphanumerical identifications indicate the nature of sample (MS, microspherules; AP, accretionary particles), the beam position (Gr-1-1) and the analyzed material (C, crystal; CC, coarse crystal; FC, fine crystal;

VFC, very fine crystal; M, matrix).
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Fig. 8. Ternary diagram comparing the chemical composition between the spherules and accretionary particles. A) Fe2O3eAl2O3eSiO2 system, B)

Fe2O3eCaO þ MgO þ TiO2eSiO2 system and C) Al2O3eCaO þ MgO þ TiO2eSiO2 system. With some exceptions, there is a general trend of compositional

affinity that follows an overlay line between the composition of the different groups.

Fig. 9. Pie chart showing the relative abundance for some kinds of plash ki-

nematic shapes from 50 spherules.

V.F. Vel�azquez, C.B. Gomes, M. Mansueto et al. Solid Earth Sciences 6 (2021) 27e36
(1973) and Wu et al. (2013), are highly indicative that iron
spherules were produced by high-temperature melting and
quickly frozen afterwards; 4) the vast majority of samples
(except MS-Gr-13) have low concentration in CreNi and
REE, eliminating a cosmogenic origin for the spherules; 5)
similarly, the low concentration of Si, Al, Na, and K is
markedly different from those of volcanic origin (obsidian,
rhyolite), usually peraluminous and SiO2-oversatured in
composition (Heide et al., 2001; Cicconi and Neuville, 2019);
6) the MneZn concentrations are significantly lower than
expected for spherules of industrial origin (cf. Zhang et al.,
2014); 7) similar behavior of the major elements (with pref-
erence for Fe2O3eAl2O3eSiO2) in both iron spherules and
accretionary particles supports the hypothesis of a common
ballistic origin; 8) most convincing record consists in the
limited occurrence of spherules in the lower layers of the
sediment deposits filling the crater.
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Brazil. Earth Res. Sci. 7 (1), 13e24.
Vel�azquez, V.F., Riccomini, C., Azevedo Sobrinho, J.M., Rankin, A.S.,

Sallun, A.M.E., Hachiro, J., Sant’Anna, L.G., 2010. Microscopic Evidence

of Shock Metamorphism Effects in Detrital Minerals from the Colônia

Crater Sediments. 45º Congr. Bras. Geol., Bel�em, CD-ROM.

Vel�azquez, V.F., Riccomini, C., Azevedo Sobrinho, J.M., Pletsch, M.A.J.S.,

Sallun, A.E.M., Sallun Filho, W., Hachiro, J., 2013. Evidence of shock

metamorphism effects in allocthonous breccia de deposits from the
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