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The titanium-bearing (up to 3.31 wt% TiO2) hydrous andradite [Ca2.98Na(0.02)K(0.01)Fe2+
(0.01)]Σ=3.02[

Fe3 + 1.25Al0.45Ti0.15Fe2+
0.07Mg0.04V3+

0.01Mn2+
0.01]Σ=2.98Si2.43O9.72(OH)2.28 was identi昀椀ed within intensely 

altered and weathered pyroclastic rocks in the Sierra de Bahoruco region in the Dominican Republic. 
It forms small isolated euhedral crystals, in昀椀llings of 昀椀ssures and fractures, and large polycrystalline 
aggregates, in close paragenesis with clinochlore and calcite. Other phases present in the secondary 
assemblage, formed as a result of hydrothermal and/or supergenic processes, include prehnite, 

pumpellyite, and natrolite. The formation of this secondary assemblage was a result of metasomatism 
under low temperature zeolite facies conditions. The formation of hydrous garnet required high-pH 
aqueous 昀氀uids enriched in Ca and Fe. The Ca needed for garnet crystallization might have derived 
from primary calcic plagioclases, diopside, and Eocene-Miocene limestones overlying the Cretaceous 
magmatic complex. Geothermometry on coexisting chlorite revealed that the metasomatic hydrous 
andradite was formed under low-temperature conditions (∼160 °C). Iron and Ti oxidation states in 
the andradite indicate that its formation occurred under relatively oxidizing conditions. The hydrous 
titanian garnet represents one of the latest phases of the pervasive calcium metasomatic event in the 
Sierra de Bahoruco area.
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Garnets are nesosilicates that belong to one of �ve groups within the garnet supergroup1. �ey are characterized 
by a cubic structure and a general formula of X3Y2(SiO4)3, where X = Ca, Mg, Mn2+, Fe2+, etc., and Y = Al, Mg, 
V3+, Cr3+, Fe3+, Sc1. �ere are fourteen species distinguished within the garnet group with a total charge at the 
tetrahedral site of 12 1, with pyrope, grossular, spessartine, almandine, uvarovite, and andradite species as the 
most well-known anhydrous members. In nature, there are also garnets containing substantial amounts of the 
hydroxyl ion (OH−) replacing partially or completely [SiO4]4− tetrahedra2–4. Many of them have compositions 
intermediate between grossular (x = 0) and katoite (x = 3), i.e., Ca3Al2(Si3 − x□x)O12–4x(OH)4x where 0 < x < 3 and 
□ is vacancy5. Similarly, the Fe-containing hydrous garnet is designated as hydrous andradite Ca3Fe2(Si3 − x□x)
O12–4x(OH)4x

3. �e replacement of [SiO4]4− tetrahedra by (O4H4)4− can result in a range of intermediate 
compositions, while, the extent of the solid solution depends strongly on the temperature conditions3,6.

�e minerals of the garnet group are particularly hosted by metamorphic rocks, though they are also found 
in igneous rocks and as detrital grains in sediments7,8. In contrast to the anhydrous species, the data on the 
occurrence of hydrous garnets in nature are relatively limited. �e majority of reports on hydrous garnets 
originate from metamorphic rocks such as serpentinites9–12, rodingites13–16, skarns17, and alkaline igneous 
rocks18. No data are provided for the occurrence of hydrous garnets in pyroclastic rocks. In the Caribbean, 
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uvarovite species, presumably containing some water, were only reported from ophiolitic chromitites of the 
Dominican Republic and Cuba19,20. In addition to terrestrial phases, the hydrous andradite has been reported 
in Mighei-like carbonaceous chondrites21, which provides evidence for the existence of asteroidal hydrous 
garnets. �is paper �rst documents the occurrence of Ti-rich hydrous andradite hosted by pyroclastic rocks 
from the Las Filipinas larimar (a gem quality blue pectolite intergrown with white and green pectolite, natrolite, 
prehnite, chlorite, and calcite)22 mine in the Barahona Province in the southwest of the Dominican Republic. 
�e characterization of hydrous garnet was conducted using electron microprobe analyses (EMPA) supported 
by Raman micro-spectroscopy, scanning electron microscopy with energy dispersive spectrometry (SEM-
EDS), and X-ray powdered di�raction (XRPD) to gain insights into the formation environment, including 
the temperature, origin, and composition and source of mineralizing �uids. Consequently, chlorite (which 
chemistry is sensitive to, inter alia, the temperature of formation, redox state, and composition of host rocks23) 
occurring in close paragenesis with hydrous andradite has been e�ectively applied as a geothermometer24,25 to 
estimate the physicochemical conditions prevailing during the formation of both coexisting phases. Hence, we 
propose a genetic model for the formation of a Ti-enriched hydrous garnet at the expense of the primary mineral 
assemblage of pyroclastic rocks under the in�uence of hydrothermal �uids and pervasive metasomatism.

Geological setting
�e Las Filipinas larimar mine is found in the Sierra de Bahoruco massif, near Los Chupaderos and about 15 km 
of Barahona (SW Dominican Republic; Fig. 1A). �e Sierra de Bahoruco area is dominated by �ne-crystalline, 
pelagic limestones of the Eocene-lower Miocene Neiba Formation. �ese are underlain by volcanic rocks of the 
Dumisseau Formation associated with suboceanic magmatism of Cretaceous age (Fig. 1B, C)26–29. �e Dumisseau 
Formation represents a fragment of the Caribbean Large Igneous Province (CLIP) upli�ed and accreted onto 
the northern margin of the Caribbean Plate30. It comprises an ∼ 1.5 km-thick sequence of submarine basalt 
�ows (85 − 70 Ma) and pyroclastic deposits intruded by younger dolerite dykes and sills at 53 Ma31,32. �ree 
types of volcanic facies in this area were distinguished by Escuder-Viruete et al.32: (i) coherent, ma�c �ows 
and autoclastic breccias, (ii) ma�c breccias and tu�s formed by subaqueous eruptions, and (iii) re-sedimented 
syneruptive polygenetic breccias with �ne-grained volcanoclastic rocks. �e uppermost part of the volcanic 
series is composed of several subaerial eruption cycles, which combine two main distinctive eruptive zones, each 
from several dozens of centimetres to several meters in size, and composed of (1) basaltic rocks and (2) basaltic 
pyroclastic material33. All these facies underwent pervasive, post-magmatic, hydrothermal alteration, which led 
to the formation of new products, e.g., the unique blue-green-white pectolite mineralization (known as larimar), 
prehnite, pumpellyite, albite, calcite, chlorite, epidote, and Fe oxides32,34. Basaltic rocks are bluish-grey, green to 
brown with porphyritic and amygdaloidal texture32. Pectolite, calcite, natrolite, and prehnite represent the main 
amygdaloidal facies22. Pyroclastic rocks are commonly grey or dark green displaying various grades of alteration 
and weathering. �ey are composed of consolidated rock fragments and irregularly distributed fragments of tree 
trunks and branches showing various degrees of charring.

Results
Petrography
�e pyroclastic rocks are mainly composed of lithoclasts, crystal clasts, and minor amounts of vitroclasts. �e 
lithic clasts exhibit a porphyritic texture and comprise clinopyroxene and relicts of calcic plagioclase phenocrysts. 
Clinopyroxenes of diopside-hedenbergite series form non-pleochroic, prismatic and lamellar crystals that have 
been partially or completely altered to colourless or slightly pleochroic (i.e., greenish) chlorite (Fig. 2A–D). Locally, 
some relics of orthopyroxene of the enstatite-ferrosilite series are found. �e calcic plagioclase is pervasively 
altered to chlorite and smectite (Fig. 2E, F). Accessory components found in the lithoclasts include magnetite, 
ilmenite, and rutile. �e groundmass is composed of a partially devitri�ed, ma�c, glassy paste and opaque 
minerals. �e crystal clasts are represented by the same minerals found in the lithoclasts. �e vitroclasts show 
a slightly yellow-brown colour, diagnostic of palagonitised glass. �e pyroclastic rocks contain also secondary 
minerals such as calcite and prehnite forming veins that crosscut the previously described rock components, as 
well as pectolite, natrolite, and pumpellyite forming in�llings of fractures and cavities. Additionally, they contain 
garnets, which are mostly isotropic in thin sections (Fig. 2D), but species showing anomalous anisotropy has 
been also observed as numerous small crystals hosted by chlorite and calcite (Fig. 3A–D).

�e garnets found in pyroclastic rocks of the Sierra de Bahoruco area occur in three textural types. �e �rst 
type is formed as isolated, euhedral crystals with diameters of ∼ 5 μm typically found within the chloritized and 
carbonated groundmass of the lithoclasts (Fig. 4A). Some of these crystals are characterized by sector zoning 
with visible chemical variation between core zones and rims (Fig. 4B). Under the polarizing microscope they 
have isotropic inner domains and anisotropic external regions. �e second type is an accumulation of non-zoned, 
homogenous crystals in the forms of veins and nests with thicknesses of several to several hundred micrometres 
(Fig. 4C). It usually coexists with chlorite. �e third textural type occurs as polycrystalline aggregates found 
within tabular forms of sizes up to 700 μm (Fig. 4D) and is found within lithoclasts and crystal clasts. Garnets 
of the third textural type also do not show internal zoning and are locally intergrown with chlorite and calcite 
(Fig. 4D).

Mineral chemistry
Garnet
In general, garnets from the three textural types described above can be characterized using 
a uni�ed crystallochemical formula [Ca2.98Na(0.02)K(0.01)Fe2+

(0.01)]Σ=3.02[Fe3+ 1.25Al0.45Ti0.15 
Fe2 + 0.07Mg0.04V3+

0.01Mn2+
0.01]Σ=2.98Si2.43O9.72(OH)2.28. �e H2O content, given on the stoichiometry of minerals 
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Fig. 1. (A) �e localization of the Las Filipinas larimar mine in Sierra de Bahoruco, Barahona Province, 
southern Dominican Republic, modi�ed a�er Wachowiak et al.34; (B). �e simpli�ed geological cross-section 
of the basaltic massif of the Dumisseau Formation, Sierra de Bahoruco, Barahona Province, Dominican 
Republic, modi�ed a�er Wachowiak et al.34 ; (C). Field exposure from the Las Filipinas larimar mine showing 
the contact between volcanic rocks (i.e. basalts and pyroclastic deposits) and overlying sedimentary deposits 
(limestones), photo made by Wachowiak J; Fig. 1 created with CorelDraw 2024.
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Fig. 2. Photomicrographies of pyroclastic rocks from the Las Filipinas larimar mine in Barahona Province in 
southwestern Dominican Republic: (A) Primary minerals completely replaced by garnets (Grt) at the contact 
with calcite (Cal) and chlorite (Chl); (B) Relics of pyroxene (Px) replaced by chlorite (Chl) hosting abundant 
small grains of garnet (Grt); (C,D) Relics of pyroxene (Px) replaced by chlorite (Chl). Note the presence of 
calcite (Cal) and numerous small isotropic garnets (Grt) seeun under crossed polarizers (D); (E,F) Relics of 
alkali feldspars (Pl) showing characteristic lath shapes, �lled with chlorite (Chl) and garnet (Grt), Note the 
palagonised glass in the background of the rock.
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of the garnet supergroup, calculated according to the recommendations of Grew et al. (2013), �uctuates in the 
range of 2.43–6.51 wt%, which corresponds to the range of 0.35–0.90 (OH)4 atoms per formula unit (apfu). 
�e contents of individual components are found in the ranges of 0.00-0.40 wt% Na2O, 0.00-1.51 wt% MgO, 
2.30–9.30 wt% Al2O3, 25.70-31.47 wt% SiO2, 0.00-2.90 wt% P2O5, 31.90-35.82 wt% CaO, 0.08–5.92 wt% TiO2, 
0.00-1.26 wt% V2O3, 0.00-0.37 wt% Cr2O3, 0.00-0.27 wt% MnO, 0.00-4.28 wt% FeO and 14.27–26.71 wt% Fe2O3 
(Table 1). �e garnets found in pyroclastic rocks of the Sierra de Bahoruco region are mainly represented by the 
species of the andradite – hydrous andradite series Ca3Fe3 + 2Si3O12 – Ca3Fe3 + 2Si2O8(OH)4 (Figs. 5 and 6), which 
chemically correspond to the Fe3+ analogue of holtstamite Ca3Al2Si2O8(OH)4, tetragonal hydroxyl-bearing 
garnet1.

�e core zones of small euhedral garnet crystals (textural type 1, Fig. 4B) are chemically distinct and can be 
classi�ed as Fe2+-bearing hydrous andradite with a generalized crystal-chemical formula [Ca2.22Fe2+

(0.74)Na(0.02)
Mn(0.01)Mg(0.01)]Σ=3.00[Fe3 + 1.50Al0.35Ti0.08Mg0.04Fe2+

0.02
V3 + 0.01]Σ=3.00 Si1.93O7.72(OH)4.28. Compared to andradite – hydrous andradite series, this species is 

characterized mainly by elevated contents of iron oxides, i.e. 9.71–18.66 wt% FeO and 23.07–28.95 wt% Fe2O3 
(Table  1), and much lower contents of silica (20.02–26.55 wt% SiO2) and calcium (23.05–27.53 wt% CaO). 
Among the chemical substitutions in the composition of garnets, the most visible are the negative correlations 
of Al-Fe3+ (also visible in the Al-Fetotal) and Fe2+-Ca and Mg-Ca. �ey correspond well to substitutions resulting 
from garnet crystallochemistry, including isovalent substitutions of Al-Fe3+ (Y position) and Fe2+-Ca and Mg-
Ca (X position), while the substitutions showing positive correlations include Fe2+-Ti and Al-V3+ (Fig.  7). 
�e Fe2+-Ti correlation results from the charge compensation of the heterovalent substitution of Fe2++Ti4+ ↔ 
2Fe3+. �e positive correlation between Al and V3+ is probably in�uenced by the initial chemical composition 
of the hydrothermal �uid. A similar positive correlation was previously documented for grossular from Čierna 
Lehota35 and Al-rich andradite from the Laoshankou deposit36.

Fig. 3. Photomicrographies of pyroclastic rocks from the Las Filipinas larimar mine in Barahona Province 
in southwestern Dominican Republic: (A,B) the contact of the charred tree trunks with strongly transformed 
pyroclastic rock. Note the wood tissue replaced with calcite (Cal), while pyroclastic rocks composed of calcite 
(Cal) with garnets (Grt) showing anomalous anisotropic properties, probably inherited from host calcite; (C,D) 
Strongly altered pyroclastic rock composed of calcite (Cal), garnets (Grt) and magnetite (Mag).
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Clinopyroxene and chlorite
�e relicts of clinopyroxene crystals are rich in CaO (22.30-24.01 wt%), MgO (12.81–15.07 wt%) and SiO2 
(50.92–53.14 wt%), while other components such as FeO (1.66–6.96 wt%), TiO2 (1.30–5.04 wt%), Na2O (0.68–
1.85 wt%), Al2O3 (0.17–1.51 wt%), Fe2O3 (0.00-0.60 wt%), MnO (0.12–0.27 wt%), Cr2O3 (0.00-0.27 wt%) appear 
in minor amounts (Table 2). �e average formula of the species was calculated as (Ca0.92Na0.09) (Ti0.08Fe3+

0.01M
g0.79Fe2+

0.13Mn0.01)(Si1.95Al0.03)O6 and corresponds to diopside based on the quadrilateral of ternary Ca2Si2O6 
(wollastonite)-Mg2Si2O6 (enstatite)-Fe2 + 2Si2O6 (ferrosilite) classi�cation diagram37 (Fig. 8).

�e chlorites are characterized by a high content of Si (3.23–3.37 apfu) with subordinate tetrahedral Al (0.63–
0.77 apfu). In the octahedral sites, Mg (3.72–3.92 apfu) distinctly predominates over Fe2+ (1.09–1.70 apfu) with 
other components such as AlVI (0.35–0.90 apfu), Fe3+ (0.00-0.33 apfu), Ti (0.00-0.06 apfu), Cr (0.00-0.01 apfu) 
and Mn (0.01–0.04 apfu) found in subordinate amounts. �e sum of octahedral cations falls between 5.76 and 
6.00 apfu with the octahedral vacancy in the range of 0.00-0.24 apfu (Table 3). �e content of alkalis in interlayer 
sites is variable and ranges from 0.03 to 0.15 apfu. Following the classi�cation scheme proposed by Zane and 
Weiss38, based on Mg + Fe > Al + vacancy as well as the dominant octahedral cation, the chlorite species belongs 
to Type I (trioctahedral) Mg-chlorite. Its composition is close to the clinochlore end-member of the clinochlore-
chamosite series (Fig. 9).

Since the composition of chlorite is sensitive to physicochemical conditions that prevailed at the time of 
its formation, including pressure, temperature, pH, and the activity of various ions dissolved in the �uid39,40, 
the clinochlore coexisting with hydrous garnet was used to constrain the temperatures of crystallization. 
�e temperature of chlorite crystallization has been assessed using two empirical geothermometers based 
on tetrahedral Al24,25. As a result, it was found that the formation temperature of chlorite varies in ranges of 
148–177  °C and 142–187  °C (Table  3)24,25. Additionally, the local presence of high Na + Ca + K in chlorites 
is typical of low-temperature chlorites found in basaltic rocks41, or may be related to the coexistence of other 
low-temperature phases typical of altered basaltic rocks such as smectite and illite phases42. Similarly, the high 
Si contents in clinochlore are consonant with low-temperature conditions of its crystallization40 but can also 
respond to mixed analyses.

Raman micro-spectroscopy characteristics
�e Raman spectra collected for hydrous garnet found within carbonated groundmass (Fig. 10) are dominated 
by Raman bands of andradite43,44 with additional lines due to coexisting calcite45. �e principal Raman bands 
produced by garnet are single, broad lines with maxima at 353, 509, and 3576 cm− 1 (and 353, 508 and 3554 cm− 1 

Fig. 4. BSE images of various textural types of andradite: A – type 1 - small euhedral grains of garnet (Grt) 
within chlorite (Chl), B- type 1- some grains exhibit characteristic chemical zoning; C- type 2- the in�llings 
of some zones with garnet (Grt) in close paragenesis with chlorite (Chl); D- type 3 compact masses of garnet 
(Grt) replacing primary phases. Garnet hosts inclusions of chlorite (Chl) and calcite (Cal).
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Fig. 5. �e composition of hydrous garnet plotted into ternary classi�cation diagrams of garnet: A - Ca-
Ca0.5Mg0.5- Ca0.5(Fe, Mn)0.5; B – Fe3+ Al3+ - Ti4+. Note: Textural types of garnet: GC – individual garnet core 
(1); Fe-GC – iron-rich individual garnet core (1); GR – individual garnet rim (1); CLG – garnet of continues 
layers (2); CMG – compact-masses garnet (3).

 

Textural type GC Fe-GC GR CLG CMG

An. no. ZD2_5#01 178_2#04 178_2#02 178_2#03 1_12_#04 1_14_#08 178_2#03 178_m2#28 1_8#3 1_8#6 1_1#05 1_4#07 ZD1_2#02

P2O5 bdl bdl bdl bdl bdl 0.03 bdl bdl 0.09 0.12 bdl 0.05 bdl

SiO2 28.72 31.19 26.55 24.86 29.61 25.70 29.17 26.99 29.81 31.29 30.54 26.98 31.47

TiO2 1.87 3.20 2.10 1.83 2.72 3.71 1.46 0.08 0.95 0.84 3.37 2.53 0.78

Al2O3 9.30 3.04 4.00 4.42 5.68 4.92 6.52 6.43 2.87 2.51 4.33 6.50 2.34

V2O3 0.19 0.24 0.14 0.19 0.65 0.13 1.26 0.90 0.06 0.11 0.42 0.35 0.41

Cr2O3 bdl bdl bdl bdl 0.37 0.12 0.05 bdl bdl bdl bdl bdl bdl

Mn2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl

Fe2O3** 15.95 20.95 23.08 23.45 18.02 17.73 19.14 21.14 25.65 26.44 18.86 18.63 26.71

FeO** 1.00 2.63 9.71 11.07 0.93 2.62 0.48 bdl 0.35 0.40 1.99 0.61 bdl

MgO 0.16 0.17 0.67 0.40 0.55 0.06 0.26 0.09 0.14 0.24 0.23 0.70 0.06

CaO 35.82 33.40 27.53 27.14 34.04 33.90 33.75 34.52 33.93 33.77 34.02 33.80 33.76

MnO bdl bdl 0.14 0.11 0.12 bdl 0.09 bdl 0.09 bdl 0.11 bdl 0.06

Na2O 0.11 0.08 0.12 0.13 0.12 0.19 0.14 0.13 bdl bdl 0.09 0.15 0.09

H2O* 5.80 2.95 6.58 7.90 4.24 6.47 4.45 5.88 3.76 2.89 3.53 5.98 2.73

Sum 98.93 97.83 100.61 101.48 97.06 95.58 96.76 96.17 97.68 98.61 97.48 96.26 98.39

apfu

 P 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.007 0.008 0.000 0.003 0.000

 Si 2.240 2.589 2.118 1.955 2.421 2.106 2.391 2.202 2.470 2.590 2.515 2.184 2.619

( OH)4 0.760 0.411 0.882 1.045 0.579 0.891 0.609 0.798 0.523 0.402 0.485 0.813 0.381

 Sum(T) 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

 Ti 0.110 0.200 0.126 0.108 0.167 0.229 0.090 0.005 0.059 0.052 0.209 0.154 0.049

 Al 0.855 0.297 0.376 0.409 0.548 0.475 0.630 0.618 0.280 0.244 0.420 0.620 0.229

 V 0.006 0.008 0.004 0.006 0.021 0.004 0.041 0.029 0.002 0.004 0.014 0.011 0.014

 Cr 0.000 0.000 0.000 0.000 0.016 0.005 0.002 0.000 0.000 0.000 0.000 0.000 0.000

 Fe3+ 0.936 1.308 1.386 1.388 1.108 1.094 1.180 1.298 1.599 1.647 1.169 1.135 1.672

 Fe2+ 0.065 0.183 0.648 0.728 0.063 0.179 0.033 0.000 0.024 0.028 0.137 0.041 0.000

 Mn 0.000 0.000 0.010 0.007 0.008 0.000 0.006 0.000 0.006 0.000 0.008 0.000 0.004

 Mg 0.019 0.021 0.080 0.046 0.067 0.007 0.032 0.011 0.017 0.030 0.028 0.085 0.008

 Ca 2.993 2.970 2.353 2.287 2.982 2.977 2.963 3.018 3.012 2.995 3.001 2.931 3.010

 Na 0.016 0.013 0.018 0.020 0.019 0.030 0.023 0.021 0.000 0.000 0.015 0.023 0.014

 Sum(X+Z) 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000

Table 1. Representative EMPA data of hydrous garnet.
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for the 532 nm laser, respectively) and a wide triplet band with maxima at 819, 845 and 864 cm− 1 (818, 851 
and 870 cm− 1 for the 532 nm laser, respectively) (Table 4). �e presence of these three bands in the region of 
800–1050 cm− 1 is a diagnostic feature for andradite and enables its distinction from grossular44. �e broad band 
in the range of 3500–3600 cm− 1 is due to OH vibrations (Table 4), thereby con�rming the presence of structural 
water in garnet9,13. Weaker bands are observed at the regions with local maxima of 157, 240 and 995 cm− 1 (160, 
245 and 999 cm− 1 for the 532 nm laser, respectively). �e bands originating from the carbonates are found at 
285, 714 and 1087 cm− 1 (737 and 1112 cm− 1 for the 532 nm laser; Fig. 10). �e weak bands located in the region 
of 1200–1900 cm− 1 are likely to be derived from the epoxy resin (araldite) used to bind the sample46.

X-ray di昀昀raction
�e powdered X-ray di�raction pattern showed a dominance of garnet (morimotoite-schörlomite) with an 
admixture of calcite and clinochlore (Fig. 11). Additionally, it yielded traces of pectolite, prehnite, magnetite, 
manganite, enstatite, trioctahedral illite, and trioctahedral smectite. �e phases were identi�ed based on the 
following data: morimotoite ICDD database entry no. 47-1877, schörlomite ICDD database entry no. 33–285, 
calcite ICDD database entry no. 05-0586, clinochlore ICDD entry no. 16–0362, magnetite ICDD entry no. 19–
0629, manganite ICDD entry no. 41-1379, a solid solution of enstatite (ICDD entry no. 19–768).- ferrosilite 
(ICDD entry no 29–721), pectolite (74-1109), and prehnite (29–0290). �e identi�cation of trioctahedral clay 
minerals, i.e., chlorite, smectite and illite in the sample was made based on XRPD patterns of samples under 
air-dry, calcinated at 560 °C, and ethylene-glycol-saturated conditions. �e presence of other mixed-layer clay 
minerals cannot be excluded.

�e calculation of unit-cell parameters of garnet was carried out based on nine re�ections of garnet that do 
not overlap with the re�ections of calcite and chlorite (Table 5). �e unit-cell parameter, re�ned for the cubic 
space group Ia-3d, is a = 12.172(5) Å. �e results obtained are consistent with the data reported for morimotoite 
(ICDD database entry no. 47-1877 – i.e. 12.162(3) Å)47 and hydrous grossular (ICDD database entry no. 75–169 
– i.e. 12.174 Å48, , and di�erent than that for OH-rich andradite from various parts of the world, i.e., the Kalahari 

Fig. 6. �e composition of hydrous garnet plotted into Fe3+/(Fe3++Al3+) vs. H4O4/(H4O4 + SiO4) diagram. 
Note: Textural types of garnet: GC – individual garnet core (1); Fe-GC – iron-rich individual garnet core (1); 
GR – individual garnet rim (1); CLG – garnet of continues layers (2); CMG – compact-masses garnet (3).
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Fig. 7. Substitution diagrams garnet crystals from the Las Filipinas larimar mine in Barahona Province in 
southwestern Dominican Republic. Note: Textural types of garnet: GC – individual garnet core (1); Fe-GC 
– iron-rich individual garnet core (1); GR – individual garnet rim (1); CLG – garnet of continues layers (2); 
CMG – compact-masses garnet (3).
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manganese �eld, South Africa (ICDD database entry no. 87-1971–12.340(1) Å)49, San Benito, California, the 
USA (ICDD database entry no. 84-2015–12.105(3) Å)4 (Table  6; for more details see Table  1S) or synthetic 
species (a = 12.5424(5) Å and 12.4297(7) Å3.

Discussion
�e hydrous, titanian andradite occurs in close paragenesis with clinochlore, calcite, blue pectolite, prehnite, 
and natrolite. It is also associated with palagonitized glass (mixture of chlorite, trioctahedral smectite, and 
trioctahedral illite), and opaque minerals such as magnetite, ilmenite, rutile, titanite, and manganite, all found 
within strongly altered pyroclastic material. �e presence of prehnite, pumpellyite, natrolite, and clinochlore is 
consistent with zeolite, prehnite-pumpellyite metamorphic facies. �e mineral assemblage was formed during 
sea�oor hydrothermal alterations32. Natrolite o�en coexists with blue pectolite and calcite. While natrolite had 
surely formed in an aluminum-rich environment, pectolite crystallized later when the Al content decreased 
in the �uids50. �e experiments conducted by Chen et al.51 demonstrated that carbonate precipitates prior to 
pectolite within the temperature range of 150–210 °C. Consequently, Huang et al.50 proposed that a probable 
sequence of crystallization in the Filipinas mine is natrolite ◊ calcite ◊ pectolite. Finally, the palagonitized glass 
is believed to have been formed during the latest stage of rocks evolution under hypergenic conditions.

In the studied samples the hydrous andradite, which forms small, euhedral grains loosely distributed in 
the chloritized groundmass of lithoclasts (�rst textural type) is the most abundant in the rocks. It probably 
crystallized a�er the groundmass of lithic elements of pyroclastic rocks. �e second type, forming veins and 
layers in�llings, found in paragenesis with chlorite, was formed due to the alteration of vitroclasts. Eventually, 
the morphological features of the third textural type of hydrous andradite, i.e. polycrystalline aggregates found 
within the tabular forms, most probably represent the pseudomorphs a�er primary magmatic phases, such as 
Ca feldspars and Ca clinopyroxenes, though no relics of these phases are found within the garnets (Fig. 12). 
Metasomatism involving Ca2+, Na+, Fe2+ aqueous �uids was a key driving force to the garnetization of the 
pyroclastic rocks from the Sierra de Bahoruco area. �e strong large-scale Ca-metasomatic event that occurred 
in the late stages of the evolution of the Dumisseau Formation was extensively discussed by Escuder-Viruete 
et al.32 and Wachowiak et al.34. In the �rst stage, it is likely that Ca plagioclase forming both crystaloclasts 

Component (wt%) H1_1 H1_2 H1_3 H1_4 H1_5 H1_6 H1_7 H1_8 H1_9 H1_10

SiO2 50.92 51.89 52.90 52.68 52.49 52.48 51.38 52.15 53.14 51.10

TiO2 4.29 3.53 1.33 1.45 1.56 1.69 4.49 3.30 1.30 5.04

Al2O3 1.51 1.10 0.18 0.17 0.17 0.20 1.28 0.79 0.26 1.32

Cr2O3 0.10 0.22 0.00 0.07 0.00 0.05 0.27 0.14 0.06 0.08

Fe2O3 (calc.) 0.10 0.00 0.46 0.47 0.00 0.60 0.00 0.00 0.35 0.00

FeO 2.08 2.78 6.10 6.42 6.96 6.54 1.66 2.99 4.79 2.10

MnO 0.22 0.18 0.20 0.25 0.19 0.27 0.18 0.16 0.12 0.21

MgO 15.07 14.65 13.42 13.18 12.87 12.81 14.57 14.77 14.52 15.00

CaO 22.81 22.50 23.50 23.04 23.03 23.10 22.30 22.98 24.01 22.66

Na2O 1.37 1.46 0.89 1.00 0.97 1.09 1.85 1.20 0.68 1.40

Total 98.47 98.30 98.98 98.72 98.25 98.82 97.97 98.48 99.23 98.91

Apfu normalized to 6 oxygen atoms

 Si 1.89 1.94 1.98 1.98 1.99 1.98 1.92 1.94 1.98 1.90

 Al 0.07 0.05 0.01 0.01 0.01 0.01 0.06 0.03 0.01 0.06

 T site 1.96 1.98 1.99 1.99 2.00 1.99 1.97 1.98 1.99 1.95

 Ti 0.12 0.10 0.04 0.04 0.04 0.05 0.13 0.09 0.04 0.14

 Cr 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

 Fe3+ 0.00 0.00 0.01 0.01 0.00 0.02 0.00 0.00 0.01 0.00

 Fe2+ 0.06 0.09 0.19 0.20 0.22 0.21 0.05 0.09 0.15 0.07

 Mg 0.81 0.81 0.75 0.74 0.73 0.72 0.81 0.81 0.81 0.79

 Mn 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00

 M2 site 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

 Mn 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01

 Mg 0.02 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.03

 Ca 0.91 0.90 0.94 0.93 0.93 0.93 0.89 0.92 0.96 0.90

 Na 0.10 0.11 0.06 0.07 0.07 0.08 0.13 0.09 0.05 0.10

 M1 site 1.03 1.02 1.01 1.01 1.00 1.01 1.03 1.02 1.01 1.04

 Wo 50.16 49.95 49.73 49.32 49.66 49.74 50.83 50.10 49.81 50.17

 En 46.10 45.23 39.52 39.24 38.62 38.37 46.22 44.81 41.92 46.21

 Fs 3.73 4.82 10.76 11.43 11.71 11.90 2.95 5.09 8.27 3.62

Table 2. Representative EMPA data of clinopyroxene.
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or components of lithoclasts34 was transformed into hydrous garnets (third textural type). Along with the 
evolution of metasomatic transformations of the pyroclastic rocks, both vitroclasts and cryptocrystalline or 
aphanitic groundmass of lithoclasts were altered to Fe2+-depleted chlorite (clinochlore). At the same time, or 
subsequently, some prisms of strongly chloritized clinopyroxenes were also pervasively replaced by hydrous 
garnets. Subsequently, hydrous andradite forming both individual grains (�rst textural type) within chlorite and 
in�llings of veins (second textural type) was formed in the studied rocks.

Regardless of the textural type of hydrous garnet, all species have quite a homogeneous composition. Only 
the garnet of the �rst textural type shows chemical zoning and displays the distinct increase in Fe2+ towards the 
core zones. �ese slight di�erences in composition imply the central domain of this species crystallized when 
the activity of Fe2+ in the mineralizing solutions was higher than when the other hydrous andradite formed. 
�e main hydrous garnet-forming elements (i.e., Ca2+, Fe3+, and Si) could have been released via subsequent 
alteration of magmatic phases, such as clinopyroxene (diopside, Ca feldspars) and volcanic groundmass. Calcium 
from the rocks could be mobilized under relatively low-temperature conditions. Hara and Tsuchiya52 examined 
hydrothermal water–pyroclastic rock interactions using �ow-through experiments and concluded that Ca was 
selectively depleted from the rock surface at temperatures below 150 °C, whereas other elements such as Na were 
leached at higher temperature conditions. Some amounts of Ca, needed for the formation of secondary garnet, 
could be mobilized also from an external source, i.e. country rock (i.e., limestones) overlying the volcanic rocks 
of the Sierra de Bahoruco area). In the Miocene-Pliocene, the Sierra de Bahoruco region was a�ected by strong 
tectonic movements32, which created the migration paths for Ca-bearing �uid within the volcanic rocks.

In the presence of low-temperature �uids, numerous factors may have contributed to the stability of 
andradite9,53. �ese include: (1) low silica activity to stabilise andradite relative to other Ca-Fe phases, (2) low 
CO2 activity to prevent deposition of calcite, and (3) high Ca activity and relatively high �uid-pH to stabilise 
andradite relative to iron oxide phases. �ese constraints posit that hydrous andradite formed at the latest stage 
of Ca metasomatism when the �uids were depleted in SiO2 and CO2, but still Ca-rich.

In general, the hydrogen content decreases with temperature, resulting in more hydrous garnets formed under 
lower temperature conditions2,54. Amthauer and Rossman2 analysed the content of water in garnets originating 
from various geological settings using Fourier transform IR spectroscopy. �ey noted that hydrous andradite 
from cavities in basalts (Bombay, India), formed under low-temperature and low-pressure postmagmatic 

Fig. 8. �e composition of clinopyroxene plotted on a wollastonite (Ca2Si2O6) - Enstatite (Mg2Si2O6) - 
Ferrosilite (Fe2 + 2Si2O6 ) triangular diagram37.
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conditions, had the highest H2O content (6 wt%) of all garnets of their study. �e water content calculated from 
stoichiometry in our study (2.00–4.00 apfu OH) indicates the garnets had to be stable below 450 °C and 300 °C, 
respectively54,55. �ese results are consistent with those obtained from chlorite geothermometry (140–187 °C). 
In addition to low temperatures, the incorporation of OH− in hydrous garnet from the Dominican Republic was 
also facilitated by the presence of structural defects resulting from the complex crystal chemistry, speci�cally a 
slight Si de�ciency, and distribution of Ti, Al and Fe over octahedral sites2. �e OH incorporation was probably 
necessary to achieve a charge balance of the species.

Concluding remarks

 1.  Titanium-bearing, hydrous andradite with average formula [Ca2.98Na0.02K0.01Fe2+
0.01][Fe3 + 1.25Al0.45Ti0.15Fe2+

0.07Mg0.04V3+
0.01Mn2+

0.01]Si2.43O9.72(OH)2.28 occurs abundantly within pyroclastic rocks of the Sierra de Ba-
horuco region in the Dominican Republic. It is primarily found in close paragenesis with clinochlore and 
calcite, but also prehnite, pectolite, and natrolite.

 2.  �e crystal structure of hydrous andradite from pyroclastic rocks of the Sierra de Bahoruco area is more 
similar to hydrous grossular and morimotoite than hydrous andradite from di�erent localities worldwide. 
�is is probably due to the elevated titanium (up to 3.71 wt% TiO2) and aluminum (up to 9.3 2 wt% Al2O3) 
contents in its structure.

 3.  Hydrous andradite is a secondary mineral that formed under a low-temperature, pervasive, calcic metaso-
matic event related to the interaction of high-pH hydrothermal �uids with magmatic components of pyro-
clastic rocks under oxidizing conditions.

Analytical points H1_4 H1_5 H1_8 H1_13 H1_14 H1_15 H1_18 H1_19 H1_20 H1_21 H1_22 H1_23 H1_24 H1_25

Composition (wt.%)

 SiO2 32.89 32.68 33.05 31.42 31.07 31.40 30.77 30.96 32.18 30.98 31.58 31.66 31.54 32.33

 TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.07 0.32 0.00 0.00 0.00 0.00

 Al2O3 12.55 12.54 12.74 9.30 9.95 9.55 9.10 8.78 10.46 10.14 9.92 9.92 10.68 10.44

 Cr2O3 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

 FeO 13.36 12.86 12.76 20.87 19.50 19.35 20.33 20.62 18.66 18.69 19.71 18.59 16.88 17.49

 MnO 0.46 0.43 0.46 0.21 0.24 0.22 0.19 0.14 0.23 0.22 0.20 0.27 0.21 0.23

 MgO 25.10 25.48 24.57 23.88 23.64 25.01 24.32 24.03 24.09 24.80 24.06 23.91 25.25 24.73

 CaO 0.72 0.70 0.72 0.28 0.29 0.24 0.25 0.73 0.44 0.49 0.39 0.86 0.26 0.32

 Na2O 0.11 0.13 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.14 0.00 0.00

 K2O 0.41 0.30 0.29 0.00 0.00 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

 H2O (calc.) 11.83 11.80 11.78 11.47 11.34 11.55 11.38 11.40 11.58 11.51 11.49 11.42 11.52 11.58

 Totals 97.44 96.91 96.55 97.44 96.02 97.58 96.36 97.37 97.69 97.15 97.33 96.77 96.34 97.10

apfu based on 14 oxygen equivalents

 Si 3.33 3.32 3.37 3.29 3.29 3.26 3.24 3.26 3.33 3.23 3.30 3.32 3.28 3.35

 AlIV 0.67 0.68 0.63 0.71 0.71 0.74 0.76 0.74 0.67 0.77 0.70 0.68 0.72 0.65

 AlVI 0.83 0.82 0.90 0.43 0.53 0.43 0.37 0.35 0.61 0.47 0.52 0.55 0.59 0.62

 Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.01 0.03 0.00 0.00 0.00 0.00

 Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

 Fe3+ 0.00 0.00 0.00 0.22 0.12 0.22 0.33 0.12 0.00 0.14 0.10 0.00 0.07 0.00

 Fe2+ 1.13 1.09 1.09 1.61 1.60 1.46 1.46 1.70 1.62 1.49 1.62 1.63 1.40 1.52

 Mn 0.04 0.04 0.04 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02

 Mg 3.79 3.86 3.73 3.72 3.73 3.87 3.82 3.77 3.72 3.85 3.74 3.74 3.92 3.82

 Σ Octahedral cations 5.80 5.82 5.76 6.00 6.00 6.00 6.00 6.00 5.97 6.00 6.00 5.95 6.00 5.98

□ 0.20 0.18 0.24 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.05 0.00 0.02

 Ca 0.0786 0.08 0.08 0.03 0.03 0.03 0.03 0.08 0.05 0.05 0.04 0.10 0.03 0.04

 Na 0.0214 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00

 K 0.0529 0.04 0.04 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

 Σ Interlayer cations 0.15 0.14 0.14 0.03 0.03 0.06 0.03 0.08 0.05 0.05 0.04 0.13 0.03 0.04

 R2+ 4.97 4.99 4.86 5.35 5.35 5.35 5.30 5.48 5.36 5.36 5.38 5.40 5.34 5.35

 Mg# 0.77 0.78 0.77 0.70 0.70 0.73 0.72 0.69 0.70 0.72 0.70 0.70 0.74 0.72

 Temperature [°C]24 152 156 142 168 168 176 182 177 153 187 164 156 169 148

 Temperature [°C]25 155 157 148 165 165 170 174 171 155 177 163 157 165 152

Table 3. Representative EMPA data of chlorite.
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Sampling and analytical methods
From the abundant analytical material, brought during three expeditions to the Dominican Republic (2013, 2016, 
and 2019), the representative rock samples were selected for the detailed examination. �e pyroclastic rocks 
bearing hydrous garnets were collected in the active Las Filipinas larimar mine with well-exposed Cretaceous-
Tertiary lithologies (Fig. 1C).

Polarizing microscopy
Preliminary observations of the pyroclastic rocks were carried out using a stereoscopic microscope type 
SNZ-168, coupled with a digital camera (0.75×, 1×, 2×, 3×, 4×, and 5× objectives) and equipped with the 
Panasis computer so�ware.

�e polished thin sections of the rock samples hosting hydrous garnets were observed using an Olympus BX 
51 polarizing microscope under both transmitted and re�ected light (in a magni�cation range from 40 to 400 
times). �e microphotographs were taken using an Olympus DP12 digital camera linked to Analysis so�ware.

Scanning electron microscopy coupled with energy-dispersive X-ray spectrometry (SEM-
EDS)
Textural relationships of the pyroclastic rocks from Las Filipinas larimar mine were described using a FEI Quanta 
200 FEG scanning electron microscope equipped with an energy dispersive spectrometer (EDS). �e system 
operated in the low-vacuum mode (pressure of 60 Pa, the samples were not coated) at maximum excitation 
voltage of 20 kV. �e quantitative analyses of target elements, based on relative peak intensity calculated from 
the EDS spectrum, were supported by ZAF correction.

Fig. 9. �e composition of chlorite plotted on triangular Al + Vac–Mg–Fe compositional classi�cation 
diagram38.
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Electron probe micro-analysis (EPMA)
Microchemical analyses of hydrous garnets, coexisting chlorite, and relics of pyroxene were carried out with 
the JEOL JXA-8320 electron microprobe located at the AGH-KGHM Laboratory of Critical Elements in AGH 
University of Krakow, Poland. �e system operated in a wavelength-dispersive (WDS) mode under the following 
conditions: acceleration voltage 15 kV, probe current 20nA, beam diameter 1–3 μm, peak counting time 20 s, 
and background counting time 10 s for each o�set position. �e EMPA standards, analytical lines, di�racting 
crystals, and mean detection limits for particular elements analyzed in all species are presented in Table 7. �e 

Raman bands (488 nm laser) Raman bands (532 nm laser) Assignment (Jehlicka et al. 2009)44

157 160 Translation of [SiO4] tetrahedron (Jehlicka et al. 2009)44

240 245 Translational of X2+ dodecahedral
cations (Jehlicka et al. 2009)44

353 353 Rotation of [SiO4] tetrahedra (Jehlicka et al. 2009)44

509 508 Si-O bending (Jehlicka et al. 2009)44

819 818

Si-O stretching (Jehlicka et al. 2009)44
845 851

864 870

995 999

3576 3554 OH stretching9,13

Table 4. Raman band positions and their assignment for hydrous andradite (488 and 532 nm excitation lines).

 

Fig. 10. Raman spectra of hydrous garnet in the range 0–4500 cm− 1 (excitation 488 and 532 nm).
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raw data was corrected with the ZAF analytical procedure. �e calculations of the Fe2+/Fe3+ ratio and the OH− 
group content in the garnet chemical formulas were based on the charge balance and were made according to the 
recommendations of Grew et al.1. �e crystal-chemical formula of pyroxene was calculated based on 6 oxygen 
atoms. �e calculation and classi�cation of chlorite were done using a Windows program (WinCcac) by Yavuz 
et al.56. �e temperature of chlorite formation was calculated using two independent geothermometers based 
on Al (apfu) content i.e.: (1) T (°C) = 106・AlIV(O28) + 1825; (2) T (°C) = − 61.92 + 160.99・AlIV(O28)24. Other 
semi-empirical and graphical approaches based on the contents of silica, Fe/(Fe + Mg), and the sum of divalent 
cations (R2+) were abandoned due to the inability to determine the exact Fe2+/Fe3+ ratio. Moreover, the presence 
of traces of Ca + Na + K and high Si may suggest some contamination of chlorite with other phases, e.g. calcite 
and/or the interstrati�ed chlorite-smectite phases42.

Raman microspectroscopy
Raman spectra of garnets were collected using two Raman spectrometers: (1) LabRAM HR UV-Vis-NIR 
(200–1600 nm) with 532 nm laser equipped with Olympus BX-41 optical microscope and (2) the Witec Alpha 

h k l dcal [Å] dobs [Å]

2 2 0 4.3033 4.3047

4 2 0 2.7217 2.7247

3 3 2 2.5950 2.5928

4 2 2 2.4845 2.4845

5 1 0 2.3871 2.3869

5 2 1 2.2222 2.2224

5 3 2 1.9745 1.9752

6 4 0 1.6879 1.6885

10 4 0 1.1301 1.1300

Table 5. �e assigned re�ections of garnet for calculation of unit cell parameter.

 

Fig. 11. XRD pattern of garnet rich fraction selected from pyroclastic material from the Las Filipinas larimar 
mine. Grt – Garnet (47-1877, 33–285), Cal – Calcite (05-0586), Pct – Pectolite (74-1109), Chl – Chlorite (16–
0362), Sme – Smectite, Ilt – Illite, Mnn – Manganite (41-1379), Mag – Magnetite (19–0629), Prh – Prehnite 
(29–0290), En-Fs – Enstatite (19–768)- ferrosilite (29–721). In brackets, the ICDD database entry numbers are 
given.
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300 M + with 488 nm laser line equipped with Zeiss optical microscope. Both spectrometers are located at the 
Department of Silicate Chemistry and Macromolecular Compounds, Faculty of Materials Science and Ceramics, 
AGH University of Krakow. �e spectra were corrected for background by the sextic polynomial method using 
Omnic so�ware.

X-Ray powder di昀昀raction (XRPD)
�e X-ray di�ractometry studies were performed on powdered garnet-rich fraction, separated manually from 
the rock samples under the stereoscopic microscope. �e identi�cation of clay minerals in the sample was made 
based on XRPD patterns of samples under air-dry, calcinated, and ethylene-glycol-saturated conditions. �e 
XRPD analyses were carried out using a Rigaku Smart Lab 9.0  kW di�ractometer with re�ective graphite-
monochromatized CuKα radiation. �e di�raction data were collected in the angular range of 3–75 °2θ with a 
step size of 0.02° and a counting time of 2 s/step at a voltage of 45 kV and a current of 200 mA with a pure halite 
crystal used as an internal standard. �e XRPD pattern was evaluated by XRAYAN so�ware using a di�raction 
pattern database (Powder Di�raction File PDF-2) of the International Centre for Di�raction Data (2018). �e 

Fig. 12. �e simpli�ed model of hydrous andradite formation within the pyroclastic rocks from Las Filipinas 
larimar mine in the Dominican Republic.

 

Garnet species Chemical Formula
Space group/cell 
parameter [Å]

Hydrous garnet from Dominican Republic – this study [Ca2.98Na0.02K0.01Fe2+
0.01][Fe3+

1.25Al0.45Ti0.15Fe2+
0.07Mg0.04V3+

0.01Mn2+
0.01] Si2.43 

O9.72(OH)2.28

Space Group: 
Ia-3d
Cell a: 12.172(5)

Hydrogrosular (Hibschite)
Crestmore, USA
(ICDD no 75-169)48

Ca3.0Al2.0(SiO4)1.53(OH)5.88

Space Group: 
Ia-3d
Cell a: 12.174

Morimotoite
Fuca. Ocayama. Japan.
(ICDD no 47-1877)47

Ca3.0TiFeSi3.0O12.0

Space Group: 
Ia-3d
Cell a: 12.162(3)

Schörlomite
San Benito, Ca, USA.
(ICDD no 33-0285)
(Krabbenho� and McCarthy 1980)

Ca3.0 (Ti, Fe)2.0[(Si, Ti)O4.0]3.0

Space Group: 
Ia-3d
Cell a: 12.128

Hydrous Andradite
South Africa
(ICDD no 87-1971)49

Ca3.0Fe1.54Mn0.2 Al0.26(SiO4)1.65(OH)5.40

Space Group: 
Ia-3d
Cell a: 12.340(1)

Andradite
San Benito, Ca, USA
(ICDD no 84-2015)4

Ca3.0 Fe1.6 Al0.4(SiO4)2.58(OH)1.68

Space Group: 
Ia-3d
Cell. a: 12.105(3)

Table 6. �e chemistry and crystal structure data of hydrous andradite from pyroclastic rocks of Siera De 
Bahoruco compared with literature data of other garnet species worldwide.
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garnet unit cell parameters were re�ned for the cubic space group Ia-3d following the data of the ICDD database 
(entry no 47-1877). �e calculation was based on nine re�ections of garnet that did not overlap with re�ections 
of other components of the sample.

Data availability
Data is provided within the manuscript and supplementary information �le.
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