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ABSTRACT. Understanding crystal growth in high-grade metamorphic rocks provides unique insights into metamorphic
processes and geological evolution. This study investigates the petrographic characteristics, crystal growth mechanisms, and
chemical composition of garnets from the Santander Massif of Colombia, a region known for its high-grade metamorphic
rocks. Petrographic analysis reveals a discrepancy between anhedral to subhedral garnet forms on an outcrop scale and
euhedral forms in hand samples, which may be due to limited or heterogeneous pressure and temperature conditions
or spatial constraints at the outcrop scale, and more homogeneous conditions at the hand sample scale. Advanced
techniques, including scanning electron microscopy (SEM) and atomic force microscopy (AFM), show that garnet crystals
predominantly exhibit trapezohedral {211} and dodecahedral {110} faces, indicating different growth mechanisms.
Electron probe microanalysis (EPMA) reveals a homogeneous chemical composition in the garnets, predominantly
almandine with minor pyrope, grossular, and spessartine components. The application of cathodoluminescence (CL)
and differential interference contrast (DIC) microscopy provides additional insights into mineral characteristics and
growth features, contributing to a comprehensive understanding of garnet formation. These findings offer new valuable
perspectives on the metamorphic conditions and processes of the rocks that form the Santander Massif.
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RESUMEN. Analisis microscépico y morfolégico de granates en el hornfels sillimanita-cordierita del Macizo de
Santander: condiciones de nucleacién y crecimiento. La comprension del crecimiento cristalino en rocas metamorficas
de alto grado ofrece una vision Unica sobre sus procesos metamorficos y evolucion geoldgica. Este estudio examina
las caracteristicas petrograficas, los mecanismos de crecimiento cristalino y la composicion quimica de los granates
provenientes del Macizo de Santander, Colombia, una region destacada por sus rocas metamorficas de alto grado. El analisis
petrografico de los granates reporta una discrepancia entre las formas anhedrales a subhedrales a escala del afloramiento
y las formas euhedrales a escala de la muestra de mano. Esto puede deberse a condiciones limitadas o heterogéneas de
presion y temperatura o restricciones espaciales a escala del afloramiento y condiciones mas homogéneas a escala de la
muestra de mano. Técnicas analiticas avanzadas, como la microscopia electronica de barrido (SEM) y la microscopia de
fuerza atomica (AFM), revelan que los cristales de granate presentan predominantemente formas trapezoédricas {211}y
dodecaédricas {110}, lo que indica diferentes mecanismos de crecimiento. El andlisis mediante microsonda electronica
(EPMA) muestra una composicion quimica homogénea en los granates, rica en almandino, con componentes menores
de piropo, grosularia y espesartina. El uso de técnicas como la catodoluminescencia (CL) y la microscopia de contraste
de interferencia diferencial (DIC) proporciona una vision mas detallada sobre las caracteristicas y el crecimiento de estos
minerales, lo que contribuye a una comprension mas completa sobre su formacion. Estos hallazgos ofrecen una nueva
perspectiva sobre los procesos y las condiciones metamorficas de las rocas que conforman el Macizo de Santander.

Palabras clave: Técnicas de microscopia, Macizo de Santander, Morfologia cristalina, Granate, Nucleacion y crecimiento.

1. Introduction

Garnet, a mineral with the general formula
A.BMO,, where A=(Mg, Mn, Ca, Fe)*"; B=
(AL, Cr, Ti, Zr, Mn, V, Fe)**; and M=Si, which can
be partially substituted by Fe and Al (Mandarino
and Back, 2004), is a key component in the study
of metamorphic rocks due to its ability to preserve
a detailed record of its formation. The formation
of garnet is one of the most common reactions in
the crust (e.g., Ague and Carlson, 2013), being
therefore one of the most studied minerals in relation
with chemical variations in metamorphic rocks
(e.g., Jamtveit et al., 1993; Jamtveit and Hervig,
1994; Spear and Kohn, 1996; Baxter and Scherer,
2013; Dragovic et al., 2018). In fact, garnet preserves
a good record of its growth history, expressed by
its chemical zoning and mineral inclusions, and
by its broad compositional range, which promotes
the growth of garnet in metamorphic rocks over
a wide spectrum of chemical compositions and
metamorphic conditions (e.g., Carlson et al., 1995;
Rios et al., 2008; Kretz, 2010; Ague and Carlson,
2013; Gulbin and Glazov, 2013; Inui et al., 2020;
Zhu et al.,2022; Kohn et al., 2024; Li et al., 2024).
In addition, its refractory character allows the
preservation of chemical and textural zoning that
is important when making interpretations about the
metamorphic history of the host rock.

A garnet crystal forms during extended geochemical
reactions, with its growth tightly controlled by
pressure, temperature, and other thermodynamic

parameters (e.g., Inui et al., 2020). These parameters
influence the mineral’s crystallization processes
by determining the stability and availability of the
necessary chemical components. Understanding how
garnets form represents a crucial challenge since at
least the 1970s, with diffusion-controlled processes
widely applied to study garnet-forming reactions
(Carlson, 1989; Miyazaki, 1991, 1996; Carlson et al.,
1995); nevertheless, a thorough understanding of
these forming processes at the atomic scale is still
a subject relatively unexplored.

Differential Interference Contrast (DIC) microscopy
is a powerful optical technique that introduces contrast
in transparent samples. Cathodoluminescence (CL)
is a useful tool for studying the garnet’s internal
structure and for providing a rapid identification of
other mineral phases (e.g., Imashuku and Wagatsuma,
2020). Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM) are two of the
most powerful microscopy techniques available
today for the investigation of the surface structure
of minerals with resolution at the nanometer of even
atomic level. AFM, in particular, has been used to
study the morphology and the charge characteristics
of mineral and oxide particles (e.g., Anderson ef al.,
2007; Drelich and Wang, 2011; Wenderich et al.,
2014), to characterize clay particles (e.g., Gupta and
Miller, 2010; Kumar et al., 2016), and to observe
mineral dissolution (e.g., Maurice et al., 1995; Dove
and Platt, 1996; Klasa et al., 2013), nucleation (Dove
and Hochella, 1993), growth (e.g., Georgiev et al.,
2013; Renard et al., 2013; Bracco et al., 2016), and
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epitaxial metal precipitation (Junta and Hochella,
1994). Electron Probe Microanalysis (EPMA) is an
analytical technique used to determine the elemental
composition of minerals and other materials with high
spatial resolution, providing detailed information
about the chemical composition and zoning patterns
within minerals, which is crucial for understanding
their formation and metamorphic histories.

Although scientific investigations that use both
SEM and AFM techniques are common, there are just
a few works that directly discuss their complementary
nature (e.g., Campbell et al., 1999; Reynolds and
Taylor, 1999; Russell et al., 2001). This study therefore
presents the combined use of SEM and AFM images
to examine the nucleation and growth of garnet
at nanoscopic scales from a sillimanite-cordierite
hornfels in the Santander Massif of Colombia.
In the next section, we provide a brief overview of the
metamorphic evolution and the specific heat-driven
processes that influenced the geological unit from
which the garnet-bearing hornfels were sourced: the
Bucaramanga Gneiss Formation.

2. Geological background

The Santander Massif (SM), located in the
northeastern part of Colombia, is a major component
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of the Northern Andean orogenic basement
(e.g., Gansser, 1973; Aleman and Ramos, 2000;
Restrepo-Pace and Cediel, 2010; van der Lelij et al.,
2016). The SM is composed of pre-Devonian
metamorphic rocks intruded by bodies of Triassic to
Cretaceous ages (e.g., Goldsmith, 1971; Ward et al.,
1973; Boinet et al., 1985; Royero and Clavijo,
2001; Bustamante ef al., 2016). The metamorphic
basement of the SM is divided into three main units:
the Bucaramanga Gneiss Formation (BGF), the
Silgara Formation (SF), and the Orthogneiss (O)
(e.g., Ward et al., 1973; Rios et al., 2003; Garcia
et al.,2005; Rey and Garcia, 2015). These units are
overlain by the unmetamorphosed Floresta Formation,
which is unconformably overlain by Carboniferous
and Permian clastic to calcareous rocks. Triassic
sedimentary rocks of the Tiburén Formation lie
above these sequences. Another post-Paleozoic units
include the Bocas and Jordan formations; the latter
consists of fine-grained red beds with interlayered
volcanic rocks and intrusive clasts and is discordantly
overlain by the red bed sequence of the Jurassic Giron
Formation. Cretaceous sedimentary rocks are found
around the SM, preserved as erosional remnants. The
geographical location of the SM in the Colombian
Andes and a generalized geological map of the study
area are presented in figure 1.
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FIG. 1. A. Geographical location of the Santander Massif (in black color) in the Colombian Andes and location of the study area (red
rectangle). B. Generalized geological map of the study area. Yellow star indicates sample locality. AC: Andes Cordillera,
CC: Central Cordillera, EC: Eastern Cordillera, MA: Mérida Andes, PR: Perija Range, SMM: Santa Marta Massif, and

WC: Western Cordillera.
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The BGF is a key component of the igneous-
metamorphic basement of the SM since it represents
the oldest (Precambrian) geological unit in the
region. It is characterized by a succession of pelitic
and semipelitic gneisses intercalated with thin
layers of calc-silicate rocks, marbles, hornblende
gneisses, and amphibolites. In the study area, this
formation primarily consists of quartz-feldspar biotite
and sillimanite gneisses, along with hornblende
gneisses, quartzites, and amphibolites. These
rocks underwent high-temperature (HT) contact
metamorphism, reaching the amphibolite facies.
This HT event, driven by the intrusion of magmatic
bodies or elevated geothermal gradients, significantly
influenced the mineralogical composition and
textural characteristics of the rocks, including the
formation of hornfels. The estimated metamorphic
conditions range from 5.0-9.5 kbar and 630-750 °C,
indicative of Barrovian-type metamorphism, which
is marked by the development of three metamorphic
zones: staurolite-kyanite, sillimanite-cordierite, and
migmatite (e.g., Castellanos, 2001; Garcia et al., 2005;
Uruefia and Zuluaga, 2011). These estimates were
further refined by Jiménez-Triana (2016), reporting
5.3-9.0 kbar and 835-897 °C.

3. Materials and methods

In this study, several garnet crystals within a
sillimanite-cordierite hornfels sample were analyzed.
Specifically, a single garnet crystal was selected for
detailed analysis using SEM and AFM, due to its
specific characteristics that allowed high-resolution
inspection of its morphology and surface structure.
On the other hand, multiple garnet crystals from the
same rock were analyzed using DIC, CL, and EPMA
techniques, in order to obtain a broader view of the
compositional and structural variability of the crystals
within the sample. The garnet-bearing sillimanite-
cordierite hornfels was collected along the road
from Berlin to Vetas in the Department of Santander
(Fig. 1B). The rock sample was meticulously hand-
picked from the outcrop to ensure it contained enough
garnet crystals of interest. Additionally, care was
taken to select samples with visible garnet crystals
and minimal weathering or alteration. A polished
thin section was prepared for transmitted light
microscopy (Olympus BX50) and CL measurements.
The CL analysis was performed on a CL8200 Mk5-2
(Cambridge Image Technology Ltd.) optical CL
stage attached to a Leica DM2500 P petrographic

microscope under the following operating conditions:
20 kV (accelerating voltage), 300 pA (beam current),
and 0.003 mBar (window vacuum pressure). Images
were captured using a Leica DFC450 camera. Mineral
abbreviations and symbols were adopted according
to the standards established by Warr (2021).

DIC images were obtained using a Zeiss Axio
Imager Z1 motorized microscope with high-resolution
capabilities (200 nm in X-Y and 10 nm in Z).
The microscope was equipped with an AxioCam HRc
camera, which allowed for the rapid acquisition of
color images with a pseudo-relief effect, thus providing
detailed three-dimensional contrast. SEM images were
obtained using a FEI Quanta 650 FEG SEM microscope
to observe the crystal size and shape. To enhance
conductivity, the garnet was previously mounted on a
metal stub using carbon tape and then sputter-coated
with a thin layer of carbon to enhance conductivity.
The SEM analysis was conducted under the following
analytical conditions: 120-4000x (magnification),
8.5-10.0 mm (working distance), 30 kV (acceleration
voltage), ETD (detector), and SE (mode). EPMA
analyses were performed using a JEOL JXA-8230
EPMA, under the following analytical conditions: 15 kV
(acceleration voltage), 20 nA (beam current, analysis),
300 nA (beam current, mapping), | pm (beam size),
and 10 s (counting time, peak and background). Data
acquisition and reduction were carried out using ZAF
(atomic number, absorption, fluorescence) correction
procedures. Natural and synthetic minerals were used
as standards. Spot analyses were conducted at multiple
locations on the crystal. AFM images were acquired
using a Park NX10 AFM in contact mode. For surface
roughness determination, scans were performed on
a sample of 90 um?, while for grain size analysis the
scans were conducted on areas of 45 pm x 45 um.
The scan rate was set between 0.4 and 0.5 Hz, with
a set point of 56.67 nN. Standard silicon nitride tips
with a nominal radius of 10 nm and a spring constant
of 0.58 N/m were used to acquire the images of the
garnet’s surface topography. Image resolution was
10 nm (lateral) and 1 nm (vertical). Detailed examination
of textures was performed using DIC microscopy,
SEM, and AFM. The DIC images provided insights
into three-dimensional surface variations and crystal
face morphology. The SEM imaging revealed the
garnet’s surface topology, including the presence of
dodecahedral and trapezohedral faces and detailed
striations and terraces. The AFM images provided
high-resolution data on surface roughness and grain
size, allowing for the analysis of fine textural features
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and surface characteristics. Finally, the EPMA provided
estimates on the mineral composition of garnets,
providing insights into their chemical properties and
growth conditions.

4. Results

4.1. Petrography, catodoluminiscence, and
differential interference contrast

The studied rock is characterized by a granoblastic
texture with the mineral assemblage quartz+plagio
clase+microcline+garnet+sillimanite+cordierite+
chrysoberyl (Fig. 2A, B). The granoblastic domains
include quartz, plagioclase with polysynthetic
twinning, and incipient alteration to sericite, as well
as microcline or orthoclase. Fibrolitic sillimanite
aggregates, spatially related to muscovite and garnet,
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sometimes anastomosing, indicate the development
of incipient, discontinuous foliation between
quartz-feldspar domains. Garnet porphyroblasts
are abundant in these samples. Garnet is inclusion-
free, showing an anhedral to subhedral shape and
crystal sizes ranging from 150 to 300 um. Garnet and
quartz crystals showed no detectable luminescence
in CL images, although this technique was useful
to recognize plagioclase (light green), microcline-
orthoclase (dark brownish blue), and fibrolitic
sillimanite (dark green) (Fig. 2C). On the other hand,
the typical dodecahedral and trapezohedral faces
of garnet, with rhomb-shaped terraces at one of its
vertices, was identified in DIC images (Fig. 2D, E).
All the above suggest the analyzed rock belongs to
the higher-grade metamorphic (sillimanite) zone
proposed in previous studies (e.g., Castellanos, 2001;
Castellanos et al., 2004, 2008; Jiménez-Triana, 2016).

FIG. 2. Photomicrographs of the garnet-bearing sillimanite-cordierite hornfels in plane (A) and cross (B) polarized light. (C) CL image
of the garnet-bearing hornfels, showing the brightness contrast between the garnet and the matrix, fractures or edges on the
garnet, mineral inclusions, and the relationship between the garnet and surrounding minerals. (D)-(E) DIC images of one of the
vertices of a garnet specimen, showing a detailed visualization of the crystal’s surface topography, particularly of the stacked
rhomb-shaped terraces. Grt: garnet; Kfs: K-feldspar; Mic: microcline; PI: plagioclase; Qtz: quartz; Sil: sillimanite.
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4.2. Scanning Electron Microscopy

The morphology of the analyzed garnet crystal
corresponds to a combination of a trapezohedron and
a dodecahedron. It is largely bounded by the rhombic
to pseudohexagonal faces of the trapezohedron {211}
and the smaller rhombic faces of the dodecahedron
{110}. These forms are commonly observed in
garnets worldwide and generally occur together
more frequently than other forms on a single crystal
(e.g., Bennema et al., 1983; Boutz and Woensdregt,
1993). According to Kretz (2010), the rate of
advancement of dodecahedral faces relative to
trapezohedral faces can be inferred from face size.

MICROSCOPIC ANALYSIS OF GARNET MORPHOLOGY IN SANTANDER MASSIF SILLIMANITE-CORDIERITE HORNFELS...

Since {110} faces are smaller than {211} faces, it
is suggested that {110} faces are farther from the
crystal center than {211} faces. If the crystal shape
was maintained during growth, {110} faces must
have advanced more rapidly than {211} faces,
indicating different growth mechanisms. Figure 3
illustrates an idealized sketch of the probable
morphological evolution sequence of the studied
garnet, with early crystal morphology dominated by
dodecahedral shapes, later evolving to a combination
of dodecahedral and trapezohedral forms. Figure 3D
shows secondary electron (SE) images of the analyzed
garnet, displaying the dodecahedral and trapezohedral
faces with a rhombic dodecahedron intersecting two

A

110

24

-, rhomb-shaped

. A

/~ Terraces on

" {110} faces

FIG. 3. A. Idealized reproduction of a rhombic dodecahedron formed from stacked cubes. B. Dodecahedron with its crystal faces.
C. Morphological evolution sequence of a garnet crystal. D. SE images of a well-formed garnet crystal 400 pm in diameter
showing its rhombic {110} and rhombic to pseudohexagonal {211} faces (note the striations on {211} and the sharp steps

and corners on {110}).
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of the crystallographic axes at equal distances and
parallel to the z-axis: {110} and a trapezohedron
intersecting the z-axis at a unit distance and the
other two axes at equal distances: {hhl}. These faces
display a smooth ridge-and-valley topography in
which the rhomb-shaped terraces are stacked to form
a corrugated surface with a curved cross-section,
indicating a preference for dodecahedral {110} forms
(Fig. 3D). Striations on {211} faces are also visible,
showing ridges and valleys with crests approximately
15 pm apart (Fig. 3D).

4.3. Electron Probe Microanalysis

Figure 4A shows the EPMA chemical mapping
of the garnet-bearing sillimanite-cordierite hornfels.
Each mineral is represented by a specific color to
facilitate the interpretation of its distribution and
abundance in the hornfels. Plagioclase (green) and
K-feldspar (blue) are the predominant mineral phases
in the hornfels. Other secondary minerals are quartz
(gray), cordierite (fuchsia), fibrolitic sillimanite and
chrysoberyl (red), and garnet (pink; bottom right part
of the figure). The garnet crystal analyzed has the
following composition: SiO, (37.73-37.83 wt%),
AL O, (20.71-20.92 wt%), FeO (26.63-26.98 wt%),
MnO (10.70-10.88 wt%), MgO (1.95-2.02 wt%), CaO
(1.34-1.45 wt%), and Na,O (0.03-0.05 wt%). The
garnets are predominantly almandine-rich (X =0.63),
with minor pyrope (X =0.08), grossular (X, =0.04),
and spessartine (X =0.25). The Fe/(Fe+Mg) ratio
ranges from 0.88 to 0.89. The backscattered electron
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(BSE) images and X-ray color maps (Fig. 4B, C)
indicate that the garnets exhibit homogeneous zoning
with consistent levels of X, Xprp, Xgrs, and XSlDS
across the analyzed profiles.

4.4. Atomic Force Microscopy

AFM images reveal that the crystal faces of
garnet exhibit a distinctive faceted morphology with
well-defined steps and terraces (Fig. 5). In particular,
the images of the {110} face show the presence of
individual square terraces at the center of the face,
which extend towards the edge of the crystal through
step advancement (Fig. 5A). AFM images obtained
over an area of 45 pm x 45 um show an average step
height of 13.1 nm (Fig. 5D). Higher-resolution AFM
images, captured over a 10.93 um x 10.93 um area
refine this step height range to 12.497-13.757 nm
(Fig. SE).

5. Discussions
5.1. Crystal symmetry and growth mechanisms

The study of crystal symmetry in aluminosilicates
provides valuable insights into the mechanisms
driving their growth. Previous works (e.g., Akizuki,
1981, 1989; Jamtveit and Andersen, 1992) examined
the role of step growth in shaping crystal symmetry,
with a focus on how interactions between alkali,
AP, and Si*" ions contribute to achieving charge
balance. Our results show that the garnet studied in

FIG. 4. A. EPMA multi-elemental mapping of the garnet-bearing sillimanite-cordierite hornfels. Each mineral has been represented
by a specific color to facilitate interpretations. B. Back scattered electron (BSE) image. C. Mn X-ray color map. In Band C, a
homogeneous zoning is evident. Chb: chrysoberyl; Crd: cordierite; Grt: garnet; Kfs: K-feldspar; Pl: plagioclase; Qtz: quartz;

Sill: fibrolitic sillimanite.
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C. Schematic representation of the processes involved in crystal growth (modified from Elwell and Scheel, 1975, and Cubillas
and Anderson, 2010). Positions 1 to 8 are characterized by different site energies. D. 3D AFM image of the garnet surface,
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a sillimanite-cordierite hornfels exhibit an anhedral
to subhedral morphology at the outcrop scale and
euhedral morphology in hand samples, suggesting that
formation conditions or dynamics of crystal growth
varied across different scales. At the outcrop scale,
pressure and temperature may have been heterogeneous
and/or spatial conditions more restricted, preventing
full development of euhedral forms; hand sample
scales, in contrast, may represent more homogeneous
areas and more favorable conditions for crystal
growth, promoting the formation of euhedral grains.
Rapid changes in physiochemical conditions, such
as fluid infiltration or rapid heating, may have also
played arole in the development of euhedral garnets
unless growth occurred during extensive deformation
(Rosenfeld, 1970).

5.2. Implications for garnet formation

Garnet growth in metamorphic rocks, as observed
in the Santander Massif, reflects variations in
formation conditions. The occurrence of garnet in
a quartz-feldspar hornfels with fibrolitic sillimanite
and cordierite, and its association with the sillimanite
zone in the Santander Massif, highlights the high-
grade metamorphic conditions of the Bucaramanga
Formation. These findings corroborate previous studies
(Castellanos, 2001; Castellanos et al., 2004, 2008;
Jiménez-Triana, 2016) that place this formation in a
high-grade metamorphic zone. In the present work,
we have opted for the use of the term “hornfels”,
which was probably formed from a quartz-feldspar
sandstone, although alternative explanations of its
origin need to be considered as well. Regarding
the nucleation and growth process of garnet, the
combination of dodecahedral and trapezohedral
morphologies may stem from the differential growth
rates of certain faces. These aspects are explained
in more detail below.

5.3. Growth mechanisms and morphological
features

Previous studies have revealed that garnet
crystal growth underscores complex processes (e.g.,
Hergt and Gornert, 1980; Akizuki, 1981, 1989;
Jamtveit and Andersen, 1992; Kretz, 2010; Gulbin
and Glazov, 2013). Sepahi (2007) suggested that
while absolute temperature has minimal impact on
garnet crystal morphology, temperature gradients
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significantly influence crystal shape development,
with dodecahedral forms produced under slow
temperature gradients and trapezohedral forms under
rapid gradients. These growth mechanisms can be
further analyzed by focusing on the differences
between dodecahedral {110} and trapezohedral
{211} faces. In the present study, {110} faces are
characterized by stepped rhomb-shaped terraces
and they seem to have grown more rapidly than
{211} faces, characterized by a smoother ridge-and-
valley topography (cf. Kretz, 2010). The observed
striations and ridges parallel to the intersection of
{211} and {110} faces corroborate previous findings
(e.g., Akizuki, 1981; Jamtveit and Andersen, 1992;
Kretz, 2010). The presence of rhomb-shaped
terraces and the corrugated surface on the {110}
faces indicate that the growth mechanisms involved
a series of nucleation processes. In fact, terraces
form and grow around surface vacancies, which
are nm-scale regions where atoms are missing
(e.g., Van et al., 2004; Pambudi ef al., 2021) and
create a stepped structure when the terraces are
numerous and span the entire length of the crystal
(Fig. 5). The irregularity observed in smaller crystals
and the random distribution of rhomb-shaped terraces
suggest that growth conditions and crystal evolution
varied during crystal formation (e.g., Acosta-Diaz,
2008). Boutz and Woensdregt’s (1993) hypothesis
suggests that garnet growth forms are influenced
by the effective charges on oxygen, with {211}
faces being predominant in fully ionic Si-O bonds.
As oxygen effective charges decrease, {110} faces
replace {211} faces. In addition to well-formed
steps, spiral steps have been reported on {110}
and/or {211} faces as well (Endo and Sunagawa,
1968; Jamtveit and Andersen, 1992). Although these
spiral steps were not observed in this study, they
could be present but undetectable for example due
to small step heights.

Computational models (Cherepanova et al.,
1992a, b) help explain the behavior of interlaced
steps and the variation of step velocities in different
crystallographic directions on {211} and {110}
faces. These models are useful to understand the
kinetics of crystal growth and how surface features
like steps evolve over time during crystal formation,
supporting the hypothesis of layer-by-layer growth
and consistent with the observed step and terrace
morphology in this study. Knowledge of crystal
growth kinetics is important to construct models for
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fluid-rock interactions, such as those based on coupled
transport and dissolution/precipitation reactions
(e.g., Steffel and Van Cappelen, 1990). More recently,
Tzankova (2007) noted a morphological evolution
during garnet growth, with rough growth figures
observed on {211} and {110} faces. The striations
and growth patterns observed in our sample resemble
those described by several authors (e.g., Tolksdorf and
Welz, 1972; Akizuki, 1981; Jamtveit and Andersen,
1992; Kretz, 2010), where steps, spiral steps, and
conical hills were recognized on crystalline surfaces,
although in the present study only steps on {110}
faces were detected.

To understand the nature of step heights, it is
important to determine whether they represent single-
layer growth or multiple growth events. Cross-sectional
profiles compared with the garnet unit cell dimensions
(a=11.531 A) suggest multiple steps, supporting a
layer-by-layer growth mechanism. This is consistent
with Kossel’s (1934) model, which suggests that
crystal surfaces are composed of monatomic-height
layers separated by distinct steps, thus explaining
the step and terrace morphology. The crystal growth
process, as outlined in the literature (e.g., Elwell and
Scheel, 1975; Cubillas and Anderson, 2010), involves
several steps: (1) transport of solute to the crystal
surface; (2) diffusion through the boundary layer;
(3) adsorption onto the crystal surface; (4) surface
diffusion; (5) surface desorption; (6) attachment
to a step or edge; (7) diffusion along the step or
edge; and (8) incorporation into a kink site or step
vacancy, leading to an increase in size (Fig. 5C).
3D AFM images (Fig. 5D, E) provide a detailed
perspective of the garnet surface morphology at
spatial resolutions of 45 um x 45 pm and 10.93 um
x 10.93 pm, enhancing our understanding of the
growth pattern and the distribution of steps and
terraces on the crystal surface, in line with Kossel’s
theoretical framework.

5.4. Chemical diffusion and zoning patterns

The observed homogeneous zoning shown in
figure 4B and C suggests that this uniformity is
likely due to chemical diffusion occurring during
metamorphism. As several authors have noted,
diffusion is expected to become more pronounced
with increasing metamorphic grade (e.g., Anderson
and Olimpio, 1977; Ikeda, 1993; Spear, 1993; Yu
etal.,2019). This process involves the redistribution

of chemical components within the garnet as it re-
equilibrates with its environment. This chemical
homogenization can be attributed to self-diffusion
during high- to ultrahigh-temperature metamorphic
events (Dharmapriya et al., 2017). However, diffusion
in garnet reactions occurs slowly over geological
timescales (Loomis, 1977), implying that extended
periods of high-temperature conditions are needed
for significant zoning changes. This suggests
that the homogeneous zoning observed reflects a
prolonged period of metamorphism during which
the garnet had sufficient time to equilibrate and
diffuse its components. Possible scenarios for this
observed homogenization include post-growth
diffusion and the thermal effect of intrusions.
One hypothesis is that the original zoning of the
garnet was erased due to a cooling phase following
the peak of metamorphism, a process discussed by
Tracy (1982). Alternatively, another explanation
is that the garnet grew near intrusive bodies, such
as granitoids. These intrusions could have induced
a local thermal effect at relatively shallow depths
(<20 km), which may have facilitated the diffusion
of the garnet components, resulting in homogeneous
zoning (Burenjargal ef al., 2012). The implication
of this finding is that the garnet likely experienced
protracted metamorphic conditions that facilitated
this chemical homogenization, and supports the
idea that the garnet’s current homogeneous zoning
is indicative of a complex metamorphic history,
consistent with previous studies on diffusion in
garnets (e.g., Kobayashi ez al., 2011; Massonne and
Li,2020; Liet al., 2024; Su et al., 2024). The results
from this study about homogeneous zoning contrast
with the zonation patterns previously reported for
the region. For instance, while Castellanos (2001)
documents normal, reverse and sectorial zoning,
our data show that the garnets display a consistent
chemical composition across the analyzed profiles,
with uniform levels of X , Xprp, Xgrs, and Xsps.
The presence of homogeneous zoning could reflect
specific formation or metamorphic conditions that differ
from those reported in earlier studies. This finding
highlights the need for further investigation into the
geological processes that might have influenced this
unusual characteristic. Additionally, the absence of
typical zonation patterns may have implications for
interpreting the geothermal history of the area, as
well as for the broader understanding of metamorphic
processes in the Santander Massif area.
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5.5. Nucleation and growth processes

The nucleation and growth of garnets involve
several stages (e.g., Meth and Carlson, 2005; Spear,
2017, 2025): dissolution of reactants, transfer of
nutrients, growth of inclusion-free garnet, and final
homogenization (Figs. 6 and 7). The chemistry of
garnet evolution can be influenced by various factors,
including the formation of intermediate metastable
phases, simultaneous reactions like precipitation and
dissolution, and the nucleation and growth of other
minerals. The reaction history of the nucleation and
growth mechanism of the studied garnet is shown
in figure 6 and can be summarized as follows.
Interface reactions promoted reactant minerals
(Fig. 6A). Aluminosilicates (mainly biotite, quartz,
and plagioclase) and oxides (ilmenite) broke down
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and their chemical constituents went into solution
(Fig. 6B), producing the formation of nutrients (ionic
species) which were then transported to nucleation
sites, indicating that the ionic species were not
static. Aluminosilicates mainly provided Si and Al;
biotite Fe and Mn (in exchange for Mg to account
for the high Fe and Mn concentrations calculated);
muscovite alkali elements (Na and K); plagioclase Na
and Ca; quartz provided additional Si; and ilmenite
Ti. During a metastable state, an aluminosilicate gel
(Fig. 6C), probably in equilibrium conditions, provided
the precursors for the nucleation of garnet. The gel
composition and structure, along with the complexing
agents, control the nucleation and growth of garnet
crystals. In laboratory settings, these characteristics
determine the size and morphology of the crystals,
influenced by the type of complexing agents and
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FIG. 6. Reaction history of the nucleation and growth mechanism of the studied garnet.
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FIG. 7. Sketch of the proposed nucleation and growth mechanism of garnet. A. Production of element nutrients from aluminosilicate
and oxide precursors. B. Element migration to nucleation sites. C. Garnet growth at the expense of consuming reactants.
D. Homogenized garnet associated to fibrolitic sillimanite and cordierite. Bt: biotite; Crd: cordierite; Mic: microcline;
Ms: muscovite; Ox: oxides; PI: plagioclase; Qtz: quartz; Sil: sillimanite.

the temperature during synthesis. Opuchovic et al.
(2015), for example, demonstrated that the use of
complexing agents significantly impacts garnet
formation, affecting the phase purity and crystal
morphology, while Inkrataite ef al. (2022) showed these
agents influence on the formation of nanocrystalline
phases, controlling the size of the resulting garnet
particles, which had an average size of approximately
100 nm. In natural environments, however, garnet
formation occurs under extreme conditions of
temperature, pressure, and chemistry, leading to a
more irregular crystal growth.

After gel formation, a large number of potential
sites for the nucleation of garnet became available
(Fig. 6D), possibly at the biotite-quartz interface.
The shape of the garnet nuclei was unknown, but

the crystal was bounded by {110} and {211} faces,
seeming likely that these faces appeared soon after
a nucleus was formed. A polymerization of AOS,
BO4 and MO6 polyhedral proceeded, represented
by distorted dodecahedra, tetrahedral and octahedral
polyhedra (Fig. 6E), and forming the garnet framework
(Fig. 6F). Element migration occurred principally
along crystal boundaries, i.e., within a crystal-
boundary phase. This phase is viewed as an assembly
of elements, including H,O molecules, forming an
interconnected network. The garnet precursors were
formed by polymerization and contained Si and Al
tetrahedra regularly distributed in a 3D network.
A complex rearrangement of atoms occurred as the
reaction was in progress, with element nutrients
moving from reactant minerals to garnet to provide
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space for advancing garnet surfaces. During crystal
growth (Fig. 6G) the polyhedra in the A-, B- and
M-sites were linked. A slow increase in temperature,
together with a random walk of elements in the
crystal-boundary phase, enabled the composition of
this phase everywhere in a small volume of rock to
be nearly uniform and the newly forming crystals
to have the same composition as the surfaces of
associated growing crystals. Crystal growth occurred
by advance of {110} and {211} faces, the latter
occurring more slowly. This pattern is consistent
with the observations of Kretz (2010), who noted
that alternating {110} planes form striations on
{112} faces, oriented parallel to {111}. The presence
of striations on the {112} faces in this study aligns
with these findings, suggesting that similar growth
dynamics were at play. The early presence of {110}
and {211} faces in young crystals is consistent with
what is expected based on the stability and geometry
of these faces, and with the morphology patterns
observed by Kohn ef al. (2024), which demonstrates
how growth conditions affect both the morphology
and sectoral zoning of the crystals. This way,
shape was maintained as crystals increased in size
(Fig. 6H). Reaction stopped when reactant phases
were consumed.

Additional details on the metamorphic history of
the analyzed garnet-bearing hornfels can be inferred
from mineral assemblages, reaction textures and
thermobarometry. Evidence such as the presence
of migmatites, the co-existence of K-feldspar and
sillimanite in rocks that probably lacked primary
muscovite, and the absence of zoning in garnet suggests
that this rock experienced high temperatures during
regional metamorphism. This high-temperature event
occurred during an orogenic event in the Triassic-
Jurassic (Jiménez-Triana, 2106), and triggered a
series of mineral reactions. According to this author,
the presence of fibrolitic sillimanite around the
garnet is indicative that the host rock was already
at high metamorphic degree conditions, developing
garnet and sillimanite from plagioclase, perthitic and
antiperthitic textures, and myrmekites. Garnet can
be formed from the dehydration of biotite through a
reaction involving sillimanite, plagioclase, quartz, and
biotite, which produces garnet, K-feldspar, and liquid.
This process can occur without extensive deformation,
allowing the garnet to develop well-defined crystal
faces even in metamorphic rocks with very low
porosities. Alternatively, garnet can form through a
different reaction that involves biotite, plagioclase,
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quartz, and ilmenite, where aluminosilicate and oxide
precursors react to generate garnet. According to the
mineral phases observed in this study, we propose
the following balanced reaction:
2(Na,Ca)(AlSi),0, (plagioclase) + 6SiO, (quartz) +
3FeTiO, (ilmenite) + (K,Mg,Fe),(ALFe),(Si,Al),0
(cordierite) — 1(Fe, Mg, .Ca  Mn , )3ALSi
,0,, (almandine rich-garnet) + SALSiO, (fibrollitic
sillimanite)

We suggest that these phase transformations did not
take place in the solid state, so we provide a solution-
mediated mechanism to explain the nucleation and
growth of garnet (Fig. 7). This mechanism can be
divided into four distinct stages, each encompassing
the complexity of the processes involved. Initially,
various mineral phases, including quartz, muscovite,
biotite, and oxides, underwent dissolution, generating
essential nutrients for future garnet formation and
resulting in relative elemental supersaturation (Fig. 7A).
These nutrients were then transported to nucleation
sites through the intergranular medium (Fig. 7B). In
the third stage, inclusion-free garnet formed at the
expense of biotite and K-feldspar (Fig. 7C). Finally,
garnet homogenization occurred concurrently with
the growth of fibrolitic sillimanite and cordierite,
while muscovite underwent dissolution (Fig. 7D).

6. Concluding remarks

This study examined the variable garnet growth
conditions in the Bucaramanga Gneiss Formation,
Santander Massif, Colombia. SEM and AFM analyses
revealed that garnet crystals predominantly exhibit
trapezohedral {211} and dodecahedral {110} faces.
The varying growth rates of these faces suggest
distinct nucleation and growth mechanisms, with
{110} faces growing faster than {211} faces, aligning
with theoretical crystal growth models. EPMA results
showed a homogeneous composition in the garnets,
predominantly almandine-rich, with consistent zoning
patterns across the crystals. This uniformity suggests
extensive chemical equilibration during metamorphism,
possibly facilitated by prolonged high-temperature
conditions or thermal intrusions that allowed element
diffusion throughout the mineral matrix.

These findings highlight the complex dynamics
of garnet formation in high-grade metamorphic
environments, and underscore the need for further
petrographic, geochemical, and geochronological
studies to refine our understanding of garnet nucleation
and growth processes. It is crucial to investigate how
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thermal dynamics and variations in the availability
of reactant minerals influence the morphology and
final composition of garnet crystals in this high-grade
metamorphic setting.
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