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Mineral chemistry

The high resolution BSE image mosaic in FIGURE 8 shows 
the textural relationships between sector-zoned garnet and 
associated mineral phases with semiquantitative analysis 
at different points. EDS allowed us to identify what those 
particular elements are and their relative proportions in the 
mineral phases that constitute the sector-zoned garnet in 
the garnet-staurolite-bearing micaschist. 

EDS of almandine-rich garnet (1-2) indicates that it shows 
from core to rim: 26.33-26.45 wt% SiO2, 15.07-15.19 
wt% Al2O3, 44.65-51.00 wt% Fe2O3, with minor MnO 
(8.17-3.24 wt%), CaO (5.08-2.56 wt%) and MgO (0.70-

1.57 wt%). EDS of staurolite (3) reveals the presence of 
24.71 wt% SiO2, 45.13 wt% Al2O3, 27.77 wt% Fe2O3, 
with minor MgO (1.39 wt%) and TiO2 (1.01 wt%). EDS 
of muscovite (4) indicates the presence of SiO2 (48.78 
wt%), Al2O3 (36.95 wt%), K2O (12.49 wt%), Na2O (1.19 
wt%), with minor MgO (0.58 wt%). EDS of biotite (5) 
indicates the presence of SiO2 (31.35 wt%), Al2O3 (16.36 
wt%), Fe2O3 (31.95 wt%), K2O (9.88 wt%) and MgO 
(8.16 wt%), with minor Ti (2.30 wt%). EDS of quartz (6) 
reveals that it mainly consists of SiO2 (100.00 wt%). EDS 
of ilmenite (7) shows the characteristic intensity peaks for 
TiO2 (49.51 wt%) and FeO (50.49 wt%). EDS analyses 
are in agreement with literature data (Marshall, 2013)

FIGURE 8. High resolution BSE image mosaic and EDS at the marked stars on the image of the textural relationships between 
sector-zoned garnet and associated mineral phases in the San Lorenzo Schists. The appearance of carbon is attributed to the 
carbon coating on the sample before SEM analysis.
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Garnet chemical zoning

Oscillatory and sector-zoning cannot be related here 
to textural sector- and sigmoidal-zoned garnet from 
the metapelitic rocks of the San Lorenzo Schists. 
Chemical zoning maps of the elements iron (Fe), 
magnesium (Mg), calcium (Ca) and manganese (Mn) 
are shown in FIGURE 9, which reveals that garnet 
displays a complex zoning and amoeba-like shape. 
The decreasing Mn indicates that zoning resulted 
from growth partitioning between garnet and matrix 

(Hollister, 1966), followed by minor modification 
by diffusion near the rim. Amoeba-like zoned garnet 
shows a similar chemical zoning for Mn as that 
reported by Castellanos et al. (2010). According to 
Daniel and Spear (1998), it can reveal multiple nuclei 
formed simultaneously in the core region, with nuclei 
expanding by growth in amoeba-shape forms along 
preexisting mineral grain boundaries. However, it 
is not clear that there are distinct nuclei taking into 
account the Ca distribution in garnet. 

FIGURE 9. Mn, Mg, Ca and Fe compositional maps of garnet crystals and associated mineral phases; warm colors show areas 
of high concentration whereas cool colors represent areas of low concentration (black color indicates very low concentration): (a) 
pseudo-hexagonal garnet displaying patchy normal zoning; (b) garnet with patchy normal zoning broken by tectonic dissolution; (c) 
two generations of garnet, with the large garnet of amoeba shape showing patchy normal zoning whereas the small garnet not and (d) 
garnet displaying strong tectonic dissolution, slight normal zoning and straight quartz and ilmenite trails at approximately 30o to the 
main schistosity of the rock.
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X-rays generated by scanning the electron beam 
across the sample can be used to produce EDS 
mapping, which provides in addition to the BSE image 
a meaningful picture of the elemental distribution of a 
mineral phase, although it will only give a qualitative 
image of the distribution of elements. The elemental 
mapping shows a prograde zoning pattern with respect 
to Mn, which decreases from core to rim. Mg shows 
a reversal behavior regarding to Mn, increasing from 
core to the rim, which is typical from a prograde path. 
Ca and Fe do not reveal clearly the sector-zoning in 
garnet. 

Petrological investigations of zoned garnet have 
played a key role in obtaining information on the 
mineral chemistry equilibria developed during the 
PT evolution of metamorphic rocks, and garnet 
is one of the most suitable minerals since, due to 
its slow cation diffusion, is able to preserve shells 
with an original chemical composition (Ague and 
Carlson, 2013), often accompanied by a rapid 
growth after nucleation, allowing the inclusion of 
syn-kinematically matrix minerals (Ortolano et al., 
2014). 

FIGURE 9 displays a concentric normal zoning 
for Mn, which reflects progressive depletion from 
the core to the rim, documenting an example of 
rapid intergranular diffusion of Mn. According to 
Ague and Carlson (2013), this can be attributed 
to partial chemical equilibrium. However, the 
chemical zoning tends to show a pseudo-dendritic 
morphology, which is indicative of interface-
controlled growth from a highly supersaturated 
fluid. Therefore, garnet zoning serves as a monitor 
of the length scales of intergranular diffusion and 
of the degree of chemical equilibrium achieved 
during crystallization (Ague and Carlson, 2013). 
The major cations Mg, Fe, Ca, and Mn diffuse 
within the dodecahedral crystal of garnet. This is 
multicomponent diffusion, in which all elements 
can undergo diffusion at the same time. Thus, 
diffusion of a single element cannot be treated 
independently of the others. For example, if Mg 
diffuses out of some domain in a garnet, some 
combination of Fe, Ca, and/or Mn must diffuse in to 
maintain stoichiometry. Garnet rims show evidence 
of cation exchange with matix phases, such as 
biotite with decreasing temperature, revealed by a 
decrease in Mg/Fe during retrograde exchange and 
the small reversal zoning in Mn at the rim.

Discussion on relative timing 
of deformation and garnet 
growth

Metamorphic minerals, such as garnet, can grow 
at any stage relative to deformation phases, with 
garnet porphyroblasts containing inclusions that 
develop an internal foliation (S1), which along with 
the external foliation (S2) can provide very useful 
information on the relative timing of garnet growth 
during deformation and metamorphism. However, 
to understand the conditions during deformation, we 
must determine the relative timing of metamorphism 
with respect to deformation. According to the 
Andersen’s (1984) classification, the inclusion and 
intergrowth patterns in garnets may be divided in 
two categories, taking into account their shape and 
orientation and the crystallography of the garnet host 
(FIGURE 10).

A two-step growth textural sector- and sigmoidal-
zoned garnet from the San Lorenzo Schists (Sierra 
Nevada de Santa Marta massif) is discussed in 
this study. Petrographic evidence indicates that 
these rocks show complex deformation history. A 
number of distinctive microstructural and textural 
features are displayed by garnet porphyroblasts, 
with an inner zone (sector-zoning) containing 
quartz, ilmenite and graphite inclusions and an 
outer zone (sigmoidal-zoning) overgrowing an 
early schistosity developing a sigmoidal pattern 
with inclusions of quartz, ilmenite and graphite 
(FIGURES 6, 11). The most significant difference 
between the inner and outer zones of garnet is not 
only the abrupt increase in the number of graphite 
and, to a lesser extent, quartz inclusions in the 
outer zone, but also the change from the growth 
of garnet with inclusions only at the boundaries of 
{110} sectors to the growth of garnet with multiple 
inclusions having a sigmoidal pattern. 

Garnet shows well-defined inclusion patterns and 
temporal constraints could be placed on garnet 
growth. Taking into account the deformation 
relationships, inclusion trails pattern and foliation 
relationships, we divide garnet into textural inner and 
outer zones, suggesting a sketch of the evolution of 
a two-step growth of textural sector- and sigmoidal-
zoned garnet in metapelitic rocks of the San Lorenzo 
Schists, as shown in FIGURE 12. Two early phases 
of deformation during crustal thickening (D1 and D2) 
can be observed.
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FIGURE 10. (a) External morphology of a rhombododecahedral garnet crystal bounded by {110} crystal faces. (b) Schematic 
growth pyramid of garnet, showing inclusion and intergrowth geometry. Synoptically the garnet is made up of twelve such 
pyramids, with common apices at the centre of the crystal and bases formed by the {110} crystal faces. (c) Sketch section through 
garnet centre showing the relationship of the inclusion and intergrowth pattern to the crystallography of the garnet host. Adapted 
and modified from Burton (1986).

FIGURE 11. Rhombododecahedral garnet crystal, displaying several photomicrographs of the sector patterns developed on a 
series of sections through garnet.
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FIGURE 12. Generalized sketch of the evolution of garnet from the San Lorenzo Schists.

During step 1, garnet growth occurred syn-D1 (S1), 
developing textural sector-zoning and cleavage domes, 
which requires rapid crystal growth (e.g., Andersen, 
1984; Burton, 1986; Kohn, 2004). However, according 
to Olimpio and Anderson (1978), the low density 
of graphite (and quartz) inclusions in the inner zone 
indicates that growth may have been sufficiently slow 
for graphite to diffuse ahead of the growing interface. 
Conversely, the motion of the interface may have been 
controlled by the rate at which graphite diffused away, 
which appears to have been the case where curved 
laminae of graphite formed along the outer zone. The 
presence of graphite in nearly all rocks containing 
texturally sector-zoned garnets appears to be more 
significant and has been mentioned by several authors 
(e.g., Burton, 1986; Hollister, 1970; Olimpio and 
Anderson, 1978), which can be proved in the studied 
sector-zoned garnets of the San Lorenzo Schists. A relict 
S1 schistosity defined by the orientation of biotite in the 
matrix and quartz, ilmenite and graphite inclusions in 
garnet can be observed, although it was strongly modified 
during progressive metamorphism. However, during this 
step, the late emplacement of syn-tectonic gabbroic rocks 
of the Santa Marta Batholith close to the peak of regional 

metamorphism, which exhibit concordant relationships 
with the metapelitic rocks of the San Lorenzo Schists and 
magmatic foliation similar to that reported by González 
(1999). They produced a local and abrupt heating of these 
metapelitic rocks, promoting a rapid nucleation of sector-
zoned garnets during disequilibrium growth conditions.
 
According to Burton (1986), type 1 inclusions are 
concentrated along growth sector boundaries, parallel 
to the {110} crystallographic planes, which define the 
trace of the intersection surface between two adjacent 
{110} crystal faces as they grew from the garnet centre. 
Such individual inclusions consist of quartz, ilmenite 
and graphite, defining this pattern, represent relicts 
of the matrix, which is sometimes suggested by their 
gradual coarsening towards the margins of the garnets, 
an indication of prograde coarsening of the matrix (Rice 
and Mitchell, 1991). Type 2 intergrowths of quartz which 
unlike the inclusions concentrated on the sector boundary 
planes, are not relicts of the matrix, but were formed 
simultaneously with the growing garnet; they originate 
at the sector boundaries with the long axes normal to 
the {110} crystal faces (Burton, 1986). Cleavage domes 
and growth sector-zoning have been interpreted as the 
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result of growth in local stress fields developed under 
bulk hydrostatic conditions (Ferguson, 1980). However, 
the significance of graphite should be treated carefully, 
taking into account that syn-tectonic sigmoidal-zoned 
garnets have been reported from graphitic schists in many 
areas, some of them adjacent to areas with texturally 
sector-zoned garnets (e.g., MacQueen and Powell, 1977), 
reflecting the dependence of the development of all these 
textures on the presence of a hydrostatic stress field. A 
similar case can be documented in the sigmoidal-zoned 
garnet from the San Lorenzo Schists. 

The step 2 was characterized by a textural sector-zoned 
garnet growth during D1 (S1), developing strain pressure 
shadows and shearing away cleavage domes. The step 3 
was also characterized by a textural sector-zoned garnet 
growth during D1 (S1), with quartz inclusions derived 
from strain pressure shadows and the S1 schistosity 
wrapping around garnet porphyroblasts. During step 
4, a sigmoidal-zoned garnet overgrowth occurred after 
textural sector-zoned garnet growth and cleavage domes 
during D2 (S2). A crenulated structure was developed, 
with the S2 schistosity wrapping around the garnet 
porphyroblast. Sigmoidal inclusion trails, like those 
observed in garnet, are traditionally interpreted as 
evidence for syn-kinematic porphyroblast growth (e.g., 
Schoneveld, 1977), and, therefore, can be considered 
as an explicit shear-sense indicator, which has been 
used extensively to interpret the tectono-metamorphic 
history of metamorphic rocks (Robyr et al., 2009), and 
is of particular significance in structural geology. Step 5 
is represented by a post-tectonic growing of sigmoidal-
zoned staurolite, post-D2 (S2) and pre-D3 (S3). 

Based in textural features and chemical zoning, two 
different types of garnets were recognized; sector- and 
sigmoidal-zoned garnet. In some cases they seem to show 
an external rim, which grew after sigmoidal texture. These 
facts suggest that growing processes for sector-zoning 
garnet can be interpreted as a non-equilibrium stage of 
progressive metamorphism, followed by the growing 
of sigmoidal-zoned garnet at the last stage of this event. 
However, textural observations coupled with the style of 
deformation in adjacent rocks, suggest that these garnets 
grew under active deformation (wraps and dislocations) 
rather than hydrostatic conditions (Boyke, 2013).

Chemical zoning of garnet from the San Lorenzo 
Schists (FIGURE 9) reveals (1) tectonic dissolution of 
garnet in progressive shear zones, which explain the 
chemical zoning of garnet abruptly truncated against 
the main metamorphic foliation of the rock, and (2) 
alteration due to subsequent garnet resorption under 
(apparently) static conditions. 

There is no doubt that further petrological, geochemical 
and geochronological data are necessary for a better 
understanding of the mechanism of nucleation and 
two- step growth of sector- and sigmoidal-zoned garnet 
during the tectono-metamorphic evolution of the San 
Lorenzo Schists, which is also very important to develop 
a quantitative understanding of orogenic processes, 
determining metamorphic PT conditions by means of 
mineralogical geothermobarometry, electron probe 
microanalysis of coexisting minerals, and paragenetic 
and thermodynamic analysis of mineral equilibria. 
Combined with earlier results, these studies will provide 
a framework for understanding the geologic tectonic 
development and the metamorphic evolution of the 
Sierra Nevada de Santa Marta.

Conclusions

The two-step growth garnet from the San Lorenzo 
Schists can be interpreted as a complex growing process, 
with sector-zoning garnet as a non-equilibrium stage of 
progressive metamorphism, followed by sigmoidal-zoning 
garnet growth at the last stage of this event. Foliated 
gabbroic rocks of the Santa Marta Batholith exhibit 
concordant relationships with the middle- to high-grade 
metamorphic rocks, including the San Lorenzo Schists, 
and may be interpreted as syn-tectonic intrusives emplaced 
at close to the peak metamorphism. Further petrological, 
geochemical and geochronological data are necessary for 
a better understanding of the mechanism of nucleation and 
growth of garnet during the tectono-metamorphic evolution 
of the San Lorenzo Schists, which is also very important 
to develop a quantitative understanding of orogenic 
processes, providing a framework for understanding the 
geologic tectonic development and the metamorphic 
evolution of the Sierra Nevada de Santa Marta.
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