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ABSTRACT

The study focused on the influence of geological genesis and degree of
crystallinity on the quantification of mineral phases and amorphous
content in Cuban clays. Two clay deposits with different geological
genesis were taken and the samples were characterized using X-ray
diffraction and techniques for analyzing the clay fraction. Dominant
paragenesis were established for each deposit, dominated by kaolinite,
and useful relationships were found between structural and particle

size differences with geological genesis, which can affect proper


https://orcid.org/0000-0003-4763-0168
https://orcid.org/0000-0003-4465-8675
https://orcid.org/0000-0001-7012-9414
https://orcid.org/0000-0003-4882-8731
https://orcid.org/0000-0003-4882-8731
https://orcid.org/0000-0001-7994-5784
mailto:lgobregon@ismm.edu.cu

quantification. It was determined that the level of weathering
conditions the degree of crystallinity, which in turn has a strong
relationship with factors that affect proper quantification. Finally, the
fundamental elements for formulating a comprehensive methodology
for the proper characterization and quantification of clay phases were
established.
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RESUMEN

El estudio se centrd en la influencia de la génesis geoldgica y el grado
de cristalinidad en la cuantificacion de fases minerales y contenido
amorfo en arcillas cubanas. Se tomaron dos depdsitos de arcilla con
diferente génesis geoldgica y las muestras se caracterizaron mediante
difraccion de rayos X y técnicas de analisis de la fraccidén arcillosa. Se
establecieron paragénesis dominantes para cada depodsito, dominadas
por caolinita, y se encontraron relaciones Utiles entre diferencias
estructurales y de tamafo de particulas con la génesis geoldgica, que
pueden afectar una cuantificacién adecuada. Se determiné que el nivel
de meteorizacidon condiciona el grado de cristalinidad, que a su vez
tiene una fuerte relacion con factores que inciden en una adecuada
cuantificacion. Finalmente, se establecen los elementos fundamentales
para formular una metodologia integral para la adecuada
caracterizacion y cuantificacion de las fases arcillosas.
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INTRODUCTION

X-ray Diffraction (XRD) is a technique used in qualitative and
quantitative analysis of mineral phases in polycrystalline samples. The
Rietveld method, used for structure refinement, can also be employed
for quantitative phase analysis by using a simple relationship between
the refined scale factor of each phase and its weight fraction in a multi-
phase mixture. This method is currently known as quantitative analysis
by the Rietveld method and has been a significant advancement in the
field of quantitative phase analysis (Cullity & Weymouth, 1957; Hill &
Howard, 1987; Bish & Howard, 1988; Ramirez, 2016).

The Rietveld quantitative analysis method is an efficient analytical
procedure that uses all the information contained in the diffractogram
without the need for standards or calibration curves. The only
requirement is a reliable structural model of each phase to be
quantified. If used on high-quality diffraction data, it can quantify
crystalline phases with a weight fraction below 1,0 % and detect
amorphous material in a multi-phase mixture by adding a known
internal standard (Gualtieri, 2000; Ramirez, 2016).

Quantitative analysis of samples with multiple phases becomes more
complex as the number of phases and the nature of the sample
increases. Clays are an example of a sample that presents difficulties
for quantification due to their composition, degree of variation in
structural order, and tendency to preferentially orient. These
challenges can also be caused by the scarcity of the content to be
quantified in relation to the total sample, which is masked by the
presence of other phases (Moore & Reynolds, 1997; Brindley, 2015;
Merendén-Barcina, 2016; Ramirez, 2016).

In Cuba, the X-ray Diffraction technique has been used for the
quantification of mineral phases, but the description of identification
and quantification protocols has been poor in published literature.
Often, subprogram routines are used for phase identification, and XRD

operators do not always have knowledge of the crystalline matter they



are working with. Additionally, most published studies focus on the
qualitative analysis of samples rather than their proper quantification.
In particular, there is a scarcity of studies in the field of clays (Labrador
et al., 2006; Chang-Rodriguez et al., 2016; Merenddn-Barcina, 2016;
Ramirez, 2016).

The aim of this research is to characterize the influence of geological
genesis and structural degree on the quantification of clay phases using
the Rietveld method and an internal standard. Two clay deposits with
different geological genesis, Cayo Guam (CG) and Dumafuecos (DM),
were selected in order to observe the mineralogical characteristics and
variations in structural disorder according to their geological origin.
Cayo Guam is characterized as a weathering crust with a high degree
of structural disorder due to weathering, while Dumanuecos is of

hydrothermal origin, with higher purity and crystallinity.

MATERIALS AND METHODS

Geological environment
The selected deposits were divided into two groups according to the
kaolinization environment. Primary environment referring to those
formed by hydrothermal processes and secondary environments
formed by weathering (Velde, 1995; Brigatti et al., 2006; Dill, 2016).
The fundamental aspects of the selected mineral manifestations are

related in Table 1.

Table 1. Mineralogical and geological aspects relevant to each mineral

deposit
Deposit Geological environment Description
DM Primary environment, low- Kaolinization developed from an
sulfidation epithermal advanced argillic alteration by the
manifestation action of low-sulfidation hydrothermal

fluids on rocks of acidic to medium

composition of the Caobilla formation




CG Secondary environment, Development of powerful weathering
Weathering crust developed crusts, rich in kaolinite, on gabbro

on gabbros sequences

Selection of the internal standard

In this study, an internal standard of alumina (Al.O3) was selected for
the quantification of clay phases using the Rietveld method. The
internal standard was subjected to X-ray diffraction to determine its
purity and it was observed to have a simple structure with well-defined
Bragg peaks, which validated its use as an internal standard. The
minimum amorphous content of the initial material was eliminated by
calcination at 1000 ©C for one hour before its use as an internal

standard in the quantitative analysis of clay phases.
Sample preparation for X-ray diffraction and addition

of the internal standard
The samples were wet ground manually using an agate mortar, using
approximately 4 g of material in all cases, previously homogenized and
quartered. The grinding was carried out for 15 minutes, in various
directions, to avoid preferential orientation of the crystals. 5 ml of
alcohol were added every 5 minutes until a paste was obtained, which
was then dried in an oven at 80-90 °C for 24 hours. A 90 um sieve was
used for particle size control, obtaining a 5 % retained. Subsequently,
20 % by weight of each sample was replaced with the internal standard
of alumina (Al203) and the material was homogenized in the agate
mortar, adding alcohol to form a paste, which was then dried in an
oven at 80-90 °C for 24 hours.

X-ray diffraction analysis
X-ray diffraction analysis was performed at UPL CEDINIQ, where a total
of 10 samples for each deposit were delivered, a unitary composite
sample was prepared to represent to Cayo Guam and Dumafuecos.
Measurements were performed using a Panalytical X'Pert3 Powder

Diffractometer using CuKa radiation and a divergence slit of 0,5°. The



samples were analyzed between 5 and 80° (26), with an angular step
of 0,008°, a time per step of 30 seconds, and without a nickel Ni filter.
The diffraction patterns were processed with X Pert HighScore Plus
software (2004).
X-ray fluorescence analysis
The samples for X-ray Fluorescence (XRF) were prepared in the
physical laboratory of the Karlsruhe Institute of Technology. They were
dried at 40 °C for 24 hours, then pulverized in a ring mill to obtain a
particle size smaller than 5 microns. 2 g of previously homogenized
and quartered sample were taken and calcined for 2 hours at a
temperature of 950 °C. The resulting calcined material was placed to
cool in a glass desiccator. The fused bead method was used for
analysis. Loss on ignition was calculated at the same temperature
range. It should be noted that in each of the preparations, adequate
homogenization and quartering of the samples were ensured to ensure
the representativeness of the chemical and mineralogical analyses.
For the quantification of the amorphous phases, an Al;O3 internal
standard, supplied by the laboratory, was used and 20 % by weight of
each sample analyzed was replaced.
Sample preparation for Simultaneous Thermal
Analysis
The previously crushed and dried samples at 105 °C for 24 hours were
analyzed in a NETZ 5CH unit for Simultaneous Thermal Analysis, model
STA 409. The temperature was measured from room temperature to 1
000°C at a rate of 10 °C/min. A synthetic oxygen atmosphere was

used.

RESULTS AND DISCUSSION

Results of the chemical and mineralogical analysis



Table 2 shows the results of the X-ray diffraction analysis for each
deposit, where the main clay phases and accompanying minerals

identified are established.

Table 2. Main mineral paragenesis determined in composite samples

Deposit Main clay phases Accompanying phases

DM Kaolinite Dickite, montmorillonite, illite, quartz,
sanidine, hematite, jarosite, gibbsite, and

anatase

CG Kaolinite Halloysite, anatase, goethite, hematite,

muscovite, and birnessite

In the diffraction pattern of the Dumafuecos deposit, narrow peaks
with high intensity, good resolution, and no background noise can be
observed, being a direct criterion of a good crystalline structure. In the
case of Cayo Guam broad, poorly defined peaks with considerable
background noise are present, indicating a clear structural disorder of
the sample (Figure 1). Based on this, a kaolinite phase with turbostratic
disorder was added, allowing for a better fit of the model according to
(Ufer et al., 2004). The Rietveld fitting parameters are shown in Table
3, with good fitting values for the accepted paragenesis observed in all

cases.
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Figure 1. Overlay of the diffraction patterns of the samples, main peaks: K-

kaolinite, J-jarosite, Q-quartz, Al,Os-internal standard.



Table 3. Rietveld fitting indices of the refinement of the different deposits

Deposit Rwp Rexp X? GoF
DM 8,11 5,26 2,38 1,54
CG 7,13 5,28 1,82 1,35

Table 4 shows the chemical results, congruent with a weathering crust
like Cayo Guam, where there is an enrichment of phases rich in iron
oxides and hydroxides, mainly caused by the breakdown and oxidation
of pyroxenes in the gabbro. The high contents of Al.O3 are related to
the decomposition of plagioclases.

On the other hand, Dumafiuecos has more discrete iron contents, while
having significant values of alumina and silica. Potassium is consistent
with the existence of sanidine-type phases, related to the hydrothermal

process.

Table 4. Values of the oxide contents of the chemical elements of the samples

from the selected deposits (wt %)

Deposit Al,O3 SiO> Na->O K->O Fe.O; CaO MgO CO> SO3 LOI MnO TiO>

DM 27,83 45,78 0,05 1,19 4,30 ND 0,36 0,50 3,60 15,71 0,01 1,13

cG 31,66 37,16 0,09 0,07 10,29 0,00 0,56 0,60 0,27 1522 0,30 0,39

In order to achieve a more objective analysis in complex systems such
as clay deposits, from a mineralogical point of view, it is proposed to
group the phases into mineralogical classes based on the Strunz
classification of 1938, with modifications aimed at grouping into
mineralogical classes. Additionally, this classification has been widely
used in the scientific community and is a useful tool for standardizing

the nomenclature of minerals and their classification (Figure 2).
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Figure 2. Quantification of grouped mineral phases for each of the deposits.

This type of analysis allows to determine that the Cayo Guam deposit
is dominated by the presence of kaolinitic clays, constituting around 70
% of the sample. The weathering process has been so strong that all
the primary material has been kaolinitized or transformed into oxides.
At the same time, there is at least 5 % of clay minerals that do not
belong to the kaolinite group, such as micas and iron hydroxides,
mainly goethite. The amorphous phases correspond to 25 % by weight
of the sample.

In Dumanuecos, clays occupy more than 50 % of the deposit, with a
development of other phases, mainly sulfide phases representing 10
%, a distinctive factor in hydrothermal clay deposits where there is the
presence of APS minerals (Aluminum Sulfates and Phosphates). The
amorphous phase corresponds to 8 % by weight of the sample. Once
again, the difference in amorphous contents between both deposits is
due to the effects of weathering, with a close interrelation with rainfall,
vegetation, and climate parameters in general.

Characterization of the clay fraction

Special attention was paid to the mineralogical composition of the clay
phases, for which preparations with preferred crystal orientation were
made (Figure 3), with heating in a glycol atmosphere and calcination

at 550 °C, the latter to collapse the peaks of the minerals in the



kaolinite group. The combination of these preparations allows for

precision in the paragenesis of the clay phase.
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Figure 3. X-ray diffraction patterns with preferred crystal orientation of: a)
Cayo Guam, b) Dumanuecos (yellow-glycolated, red-burned 550 °C, black-

with preferred orientation).

In the case of Cayo Guam (Figure 3a), a simple clay paragenesis is
observed, composed of phases in the kaolinite group, which do not
swell in a glycol atmosphere and collapse at 550 °C.

The Dumafiuecos deposit contains almost 10 % of clay minerals, such
as illite and montmorillonite. It should also be noted a slight trend
towards over-quantification of clay minerals in the kaolinite group as
determined by TGA compared to the (potentially more accurate) results
obtained from Rietveld analysis, as shown in Table 5, which shows the
quantification results by both methods and establishes the values
obtained in each case.

Dumafuecos (Figure 3b) shows a similar trend to Cayo Guam in terms
of the pronounced collapse of the peaks related to the presence of
minerals in the kaolin group. Montmorillonite exhibits swelling in a
glycol atmosphere up to 16 A with collapse at 10 A in the calcined
sample. Apparently, this behavior is related to interstratifications with

illites.



Table 5. Quantification of clay minerals according to thermal and X-ray

diffraction methods

Quantification

method ce oM

TGA 72,1 65,7

Kaolinite group minerals (%) XRD 70,5 62,9
Other minerals (%) XRD 1,2 9,1

Quantification and characterization of amorphous
To determine the content and composition of the amorphous phase,
the experimentally calculated chemical composition and the
composition calculated from the obtained paragenesis were used. A
discrepancy was observed between the values of the chemical
elements obtained and the calculated values, suggesting the presence
of an amorphous phase. Further analysis was carried out to determine
the composition and amount of the amorphous phase present in the
sample (Figure 4).
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Figure 4. Difference between calculated and experimental chemical

composition.

In the Cayo Guam deposit, the amorphous phase is complex, consisting
mostly of alumina and iron oxide, which suggests that the weathering
process has caused some of the iron oxide to end up in the amorphous
phase. There is also a small portion composed of alkali earth metals
and another portion of non-structural water.

In Dumafiuecos, the amorphous phase represents 8 % of the total

sample and is mainly composed of alumina (30 %). There is a small



proportion of the amorphous phase that consists of alkali earth metals.
Ignition losses are considerable and are mainly due to the presence of
non-structural water and the loss of volatiles related to sulfides,

sulfates, and zeolitized phases present in the sample.
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Figure 5. Content of amorphous material present in the Cayo Guam and

Dumanuecos deposits.

CONCLUSIONS

e It was determined that the most common elements in each cases
are Al and Si, and that in the case of Fe, its content is associated
with weathering in secondary environment deposits. The clay
phase established in Dumafiuecos are dominated by minerals of
the kaolinite group, accompanied by clays phases 2:1, APS type
minerals and a low content of amorphous phases. In the case of
Cayo Guam deposit is dominated by minerals from de kaolinite
group, accompanied by iron oxides and hydroxides and a high
content of amorphous phases.

e Correlations were established between Rietveld refinement,
geological context, and mathematical model fitting, using the
geological information and determined and estimated chemical

compositions.



e Structural and particle size differences were established that
affect proper quantification and are related to the degree of
weathering in each deposit.

e It was determined that Cayo Guam has a lower degree of
crystallinity and greater structural disorder compared to
Dumafuecos, as evidenced by the peaks obtained in the
diffraction analyses and determined by the formation processes
of each deposit, with the level of weathering being the main

cause of these results.

REFERENCES

Bish, D. L. & Howard, S. A. (1988). Quantitative phase analysis using
the Rietveld method. Journal of Applied Crystallography, 21(2).
https://doi.org/10.1107/S0021889887009415

Brigatti, M. F., Galan, E. & Theng, B. K. G. (2006). Structures and

Mineralogy of Clays Minerals. Developments in clay science, 1, 19-86.

https://scholar.google.es/scholar?cluster=8895391783973783217&hl

=es&as sdt=0,5

Brindley, G. (2015). Quantitative X-ray Mineral Analysis of Clays. In

Crystal Structures of Clay Minerals and their X-Ray Identification
(p. 411-438). https://doi.org/10.1180/mono-5.7.

Chang-Rodriguez, A., Chang-Rodriguez, A., Tauler-Ferre, E., Proenza-

Fernandez, J. A. y Rojas-Purdn, A. L. (2016). Mineralogia del

yacimiento lateritico niquelifero San Felipe, Camagley, Cuba.

Mineria y Geologia, 32(1), 28-47.

http://revista.ismm.edu.cu/index.php/revistamg/article/view/1230.
Cullity, B. D. & Weymouth, J. W. (1957). Elements of X-Ray

Diffraction. American Journal of Physics, 25(6).
https://doi.org/10.1119/1.1934486.



https://doi.org/10.1107/S0021889887009415
https://scholar.google.es/scholar?cluster=8895391783973783217&hl=es&as_sdt=0,5
https://scholar.google.es/scholar?cluster=8895391783973783217&hl=es&as_sdt=0,5
https://doi.org/10.1180/mono-5.7
http://revista.ismm.edu.cu/index.php/revistamg/article/view/1230
https://doi.org/10.1119/1.1934486

Dill, H. G. (2016). Kaolin : Soil, rock and ore. From the mineral to the
magmatic, sedimentary and metamorphic environments.
Earth/Science Reviwes, 161, 16-129.

Gualtieri, A. F. (200). Accuracy of XRPD QPA using the combined
Rietveld-RIR method. Journal of Applied Crystallography, 33(2),
267-278. https://doi.org/10.1107/S002188989901643X.

Hill, R. J. & Howard, C. J. (1987). Quantitative phase analysis from

neutron powder diffraction data using the Rietveld method. Journal

of Applied Crystallography, 20(6).
https://doi.org/10.1107/S0021889887086199.
Labrador, M., Proenza, J. A., Gali, S., Melgarejo, J. C., Tauler, E.,

Rojas-Purén, A. y Rodriguez-Vega, A. 2006. Minerales de Mn-Co-Ni
en las lateritas de Cuba oriental: resultados preliminares. Macla, 6,
281-284. http://hdl.handle.net/2445/108223.

Merenddn-Barcina, T. (2016). Estudio del desorden estructural en
minerales de la arcilla. http://hdl.handle.net/10902/8280.

Moore, M. & Reynolds, R. J. (1997). X-ray Diffraction and the

Identification and Analysis of Clay Minerals. New York: Oxford

University Press.

Ramirez, M. (2016). Estudio de la cristaloquimica y cuantificacion por
difraccion de rayos x en materiales tipo hidrotalcita procedentes de
la quimica del cemento (Tesis doctoral). Universidad Auténoma de
Madrid UAM.

Ufer, K., Ii, G. R.; Iii, R. K., Stanjek, H., Dohrmann, R., Bergmann,
J., Roth, G., Kleeberg, R., Stanjek, H., Dohrmann, R. & Bergmann,
J. (2004). Description of X-ray powder pattern of turbostratically
disordered layer structures with a Rietveld compatible approach.
219(9), 519-527.
https://doi.org/10.1524/7ZKR1.219.9.519.44039/HTML.

Velde, B. (1995). Origin and Mineralogy of the clays. In: Origin and

minerallogy of clays: clays and the enviroment (p. 8-42). Berlin,

Heidelberg: Springer Berlin Heidelberg.


https://doi.org/10.1107/S002188989901643X
https://doi.org/10.1107/S0021889887086199
http://hdl.handle.net/2445/108223
http://hdl.handle.net/10902/8280
https://doi.org/10.1524/ZKRI.219.9.519.44039/HTML

Conflicto de intereses
Los autores declaran que no existen conflictos de intereses.
Contribucion de los autores

Todos contribuyeron por igual.



