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This paper presents a new interactive MATLAB-based visualization and calculation tool (TETGAR_C) for assessing the
provenance of detrital garnets in a four-component (tetrahedral) plot system (almandine–pyrope–grossular–spessartine).
Based on a freely-accessible database and additional electron-microprobe data, the chemistry of more than 2,600 garnet
samples was evaluated and used to create various subfields in the tetrahedron that correspond to calc-silicate rocks, felsic
igneous rocks (granites and pegmatites) as well as metasedimentary and metaigneous rocks of various metamorphic
grades. These subfields act as reference structures facilitating assignments of garnet chemistries to source lithologies.
An integrated function calculates whether a point is located in a subfield or not. Moreover, TETGAR_C determines
the distance to the closest subfield’s mean value. Compared with conventional ternary garnet discrimination diagrams,
this provenance tool enables a more accurate assessment of potential source rocks by reducing the overlap of specific
subfields and offering quantitative testing of garnet compositions. In particular, a much clearer distinction between
garnets from greenschist-facies rocks, amphibolite-facies rocks, blueschist-facies rocks and felsic igneous rocks is
achieved. Moreover, TETGAR_C enables a distinction between garnet grains with metaigneous and metasedimentary
provenance. In general, metaigneous garnet tends to have higher grossular content than metasedimentary garnet formed
under similar P–T conditions.
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1. Introduction
Garnets are very abundant in metamorphic rocks and also
occur as primary magmatic minerals in igneous rocks
(Hieptas 2012). Furthermore, they are quite common
components of siliciclastic sediments (Boggs 2009) and
relatively stable during sediment transport and diagenesis (Morton et al. 2004; Morton and Hallsworth 2007;
Garzanti et al. 2015).
For that reason, detrital single garnet grain analysis in
combination with heavy-mineral analysis and analysis
of weathering features provides vital information on
erosional processes helping to reconstruct the temporal
and spatial evolution of peri-orogenic sedimentary basins
(e.g., Win et al. 2007; von Eynatten and Dunkl 2012;
Stutenbecker et al. 2017; Hülscher et al. 2018; Caracciolo et al. in print). As studies imply, chemical differences of detrital garnets are often due to different grain
size distributions of garnets in host rocks (Krippner et
al. 2015, 2016).

Garnet chemistry holds considerable importance in the
field of sedimentary provenance analysis (e.g., Zemann
1962; Morton 1985; Deer et al. 1992; Takeuchi 1994;
Andò et al. 2014). In this respect, several discrimination diagrams and discrimination approaches have been
developed enabling allocation of the chemistry of garnet
to specific source rocks (e.g., Wright 1938; Teraoka et
al. 1997; Preston et al. 2002; Schulze 2003; Grütter et al.
2004; Mange and Morton 2007; Méres 2008; Aubrecht et
al. 2009; Suggate and Hall 2014; Hardman et al. 2018;
Tolosano-Delgado et al. 2018). A detailed assessment of
advantages and disadvantages of most of these discrimination tools can be found in Krippner et al. (2014). Regarding these ternary discrimination diagrams, Krippner et al.
(2014) concluded a relatively low (< 50%) success rate for
an unambiguous classification of garnet for several groups
such as metaigneous and metasedimentary amphibolites or
metaigneous and metasedimentary granulites.
In order to overcome some of the shortcomings of
conventional garnet discrimination diagrams, this paper
www.jgeosci.org
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introduces a new MATLAB-based visualization and
discrimination tool (TETGAR_C) – a three-dimensional
end-member plot combined with a quantitative interpretation of the garnet origin.
Centred on a case study built upon chemical data of
garnet from Miocene sediments in Lower and Upper
Austria, a comparison is made between ternary garnet
discrimination diagrams of Preston et al. (2002), Mange
and Morton (2007), Méres (2008) and Aubrecht et al.
(2009) on the one hand and the new TETGAR_C discrimination tool on the other.

2. Garnet discrimination

2.1. Garnet chemistry
According to the mineralogical nomenclature of Grew et
al. (2013), the garnet supergroup includes minerals with
the formula A3B2C4O12, irrespective of the elements that
occupy the four atomic sites. Depending on the bulk-rock
composition and P–T conditions, garnets incorporate different elements in the A, B and C positions of the crystal
lattice during formation and growth (Mange and Morton
2007; Andò et al. 2014).
Chemically, the vast majority of all garnet compositions can be expressed by five end-members: almandine
(Fe 3Al 2[SiO 4] 3), pyrope (Mg 3Al 2[SiO 4] 3), spessartine
(Mn3Al2[SiO4]3), grossular (Ca3Al2[SiO4]3) and andradite
(Ca3Fe3+2[SiO4]3) (Deer et al. 1982; Mange and Morton
2007). It shall be noted that compositional differences in
garnets are driven by both thermodynamics and fractional
crystallization (Kohn 2003). Almandine, the most common garnet endmember, mainly appears in regionally
metamorphosed schists and gneisses. Its formation requires a relatively high-Al educt (Deer et al. 1982; Mange
and Morton 2007; Suggate and Hall 2014). A typical
paragenesis of almandine in micaschist includes biotite,
muscovite, chlorite and quartz, sometimes kyanite and
staurolite (Pichler and Schmitt-Riegraf 1993). Almandine
is also found in many volcanic rocks, including andesite
and dacite (e.g., Deer et al. 1982; Mange and Morton
2007; Suggate and Hall 2014).
Relatively high pyrope content is commonly attributed
to granulites and eclogites (Mange and Morton 2007;
Aubrecht et al. 2009; Suggate and Hall 2014).
At the upper border of the greenschist facies, spessartine can be formed at the expense of Mn-components
of chlorites (Theye et al. 1996). Accordingly, almandine–
spessartine-rich garnets are typical of greenschist-facies
conditions (e.g., Brown 1969; Shenbao 1993; Paulick
and Franz 2001; Willner et al. 2001; Makrygina and
Suvorova 2011). Higher spessartine content is also typical of garnets in granitoid rocks and in blueschists (e.g.,
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Okay 1980; Deer et al. 1982; Manning 1983; Suggate
and Hall 2014).
Grossular is a characteristic component of metamorphosed impure calcareous rocks (Suggate and Hall
2014). Besides the dependency on sufficient contents
of Ca in the host rock, the genesis of grossular-rich
garnet is mostly associated with contact and regional
metamorphism (e.g., Shimazki 1977; Sengupta and
Raith 2002; Malvoisin et al. 2011; Antao 2013). Grossular–almandine-rich garnets are commonly attributed
to high-P metasedimentary rocks (e.g., Deer et al. 1982;
Oliver 2001; Ballèvre et al. 2003; Suggate and Hall
2014). Garnets of calc-silicate rocks are often dominated by the grossular–andradite solid solution (e.g.,
Deer et al. 1982; Suggate and Hall 2014).
Andradite and the rarer end-member schorlomite
(Ca3Ti2[(Si, Fe3+, Fe2+)O4]3) commonly occur associated
in alkaline igneous rocks and skarns (Deer et al. 1982).
Higher contents (> 5%) of the generally rare end-member
uvarovite Ca3Cr2(SiO4)3 are usually confined to skarns,
ores and ultramafic rocks (Suggate and Hall 2014).

2.2. Garnet provenance
Detailed quantitative analyses of detrital garnets in
the context of provenance analysis were established
already in the 1980’s as sophisticated microanalytical
tools, particularly electron-microprobe analysis, became
widely available (Morton 1985; Morton 1987; Haughton
and Farrow 1989; Mange and Morton 2007). In more
recent years, considerable progress in the field has
been made by implementing novel Raman spectroscopy
techniques allowing quick and reliable identification
of rarer anisotropic garnet end-members (e.g., Andò et
al. 2009; Bersani et al. 2009; Andò and Garzanti 2014;
Caracciolo et al. in print).
Chemical zoning of metamorphic garnets is a common feature that develops during mineral growth (Spear
1995). Variations of index elements such as Fe, Mg, Ca
and Mn reflect the entire evolution of the rock including
changes in P and T, mineral assemblages and heat flow,
stress, strain, inter- and intragranular movement of rock
material and fluid flow (Spear 1995; Kohn 2003). Usually, greenschist-facies garnets show stronger zoning
than those of higher metamorphic conditions. Progressive
depletion of Mn towards the rim results in a bell-shaped
distribution of spessartine, indicating greenschist- or
amphibolite-facies conditions during prograde metamorphism (Cooke et al. 2000; Schmolke et al. 2006). By
contrast, retrograde garnets (inverse zoning) are usually
characterized by an outward increase of Mn and a decrease of Mg (Dietvorst 1982). Growth zoning patterns
are commonly obliterated in high-grade garnets by volume diffusion (Tuccillo et al. 1990).
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Unlike detailed analyses of element-zoning patterns of
garnets in source rocks, point analyses of detrital garnets
only provide limited insights into the course of metamorphism, since a distinction between the core (older)
and the rim (younger) cannot always be achieved. Relict
(e.g., spessartine-rich almandines of granitoid origin in
high-grade orthogneisses; see Vrána et al. 2009) and
‘polymetamorphic’ garnets (e.g., Faryad and Hoinkes
2004; Bestel et al. 2009) further complicate a correct
classification of detrital garnets.
Despite many advances in recent years, an attribution
of garnets to possible source rocks and metamorphic conditions remains a complicated and challenging task. To
achieve best possible results, garnet provenance studies
shall be conducted in a multidisciplinary fashion involving assessments of heavy-mineral assemblages, chemical
analyses of various minerals (e.g., rutile, tourmaline,
zircon, amphiboles, clays) and detailed characterizations
of mineral grain sizes and weathering structures (e.g.,
Morton et al. 2004; Weltje and von Eynatten 2004; Win
et al. 2007; Andò et al. 2012;
Krippner et al. 2016).

and (granite) pegmatites, (2) (biotite) micaschists, (3) amphibolites and (4) eclogites.
The garnet classification diagram of Mange and Morton (2007) enables a distinction of six types of garnets
(Fig. 2). Type A garnets – characterized by high Mg and
low Ca contents – are attributed to high-grade granulitefacies metasediments, charnockites and intermediate–
acidic igneous rocks. Type B garnets are generally affiliated with amphibolite-facies metasediments. However,
if garnet compositions plot exclusively in the Bi subfield
(spessartine-rich), a derivation from intermediate–acidic
igneous rocks is suggested. High-grade metabasic (Type
Ci) and ultramafic rocks (pyroxenite, peridotite/Type Cii)
usually host the Mg-rich and Ca-rich Type C garnets.
Garnets with high to very high Ca contents (Type D) are
attributed to metasomatic rocks (skarn), very low-grade
metabasic rocks and ultra-high temperature calc-silicate
granulites (Mange and Morton 2007).
The ternary diagrams Alm–Prp–Grs and Alm–Prp–Sps
of Méres (2008) and Aubrecht et al. (2009) distinguish
Prp

2.3. Garnet discrimination approaches
Visualization of data in garnet discrimination diagrams
inevitably means simplification and generalization since
it is not possible to graphically
represent all end-members of
the garnet group. Focussing
on the most frequently-occurring end-members almandine,
pyrope, grossular and spessartine – as in most garnet
discrimination approaches –
provides a useful option for
interpreting the provenance of
many detrital garnets.
The classical garnet discrimination diagram of Preston
et al. (2002; see also Wright
1938) divides garnets roughly
into four petrological subfields
(Fig. 1) associated with different source rocks: (1) granites
Fig. 1 Ternary garnet discrimination
diagram (mol. %) with four subfields
(granites and granite pegmatites, amphibolites, biotite schists and eclogites)
modified after Preston et al. (2002).
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Fig. 2 Ternary garnet discrimination
diagram (mol. %) with six subfields (see
text for further details) modified after
Mange and Morton (2007).

between seven groups of possible sources of metamorphic garnets (Fig. 3): (1) UHP eclogites or garnet peridotites, (2) HP eclogites and HP mafic granulites, (3) felsic
and intermediate granulites, (4) gneisses metamorphosed
under P–T conditions transitional between granulite- and
amphibolite-facies, (5) amphibolites metamorphosed
under P–T conditions transitional between granulite

and amphibolite-facies, (6) amphibolite-facies gneisses
and (7) amphibolites (s.s.). Based on the chemistry,
garnets are thus generally divided into those (A) from
high- to ultra-high pressure rocks, (B) from eclogite- and
granulite-facies rocks, (C1) rocks crystallizing between
granulite- and amphibolite-facies conditions and (C2)
amphibolite-facies rocks.
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Fig. 3 Ternary garnet discrimination diagrams Alm–Prp–Grs (a) and Alm–Prp–Sps (b) (mol. %) with seven subfields (see text for further details).
Modified from Méres (2008) and Aubrecht et al. (2009).
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Suggate and Hall (2014) introduced an alternative discrimination diagram (Fig. 4) that also takes into account

(a)

the end-members andradite and schorlomite. In order to
discriminate garnets, they proposed a multi-stage method-

Alm

(b)

Alm

Granites

Ultrabasic
rocks < 55 mol. %
pyrope

Grs
+
Adr
+
Sho

Calc-silicates,
skarns and
rodingites

Blueschists

Granulites
Ultrabasic
rocks > 55 mol. % pyrope
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(c)

High Mg
Pelites
Prp

Granulites
Blueschists

Amphibolites
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c
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rocks
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Fig. 4 Garnet provenance diagram of Suggate and Hall (2014) using double-ternary plots with the end-members grossular (Grs) + andradite (Adr)
+ schorlomite (Sho), almandine (Alm), pyrope (Prp) and spessartine (Sps) (mol. %).

131

Wolfgang Knierzinger, Michael Wagreich, Franz Kiraly, Eun Young Lee, Theodoros Ntaflos

ology, starting with the removal of garnets with unusual
contents of Y2O3, V2O3 and ZrO2, as well as the separation of garnets with high contents of TiO2. In the next
step, garnets with high contents of uvarovite and pyrope
usually derived from ultramafic rocks are distinguished.
Subsequently, the chemistry of the remaining garnets
from specific metamorphic grades and the separated subgroups is visualized in two ternary plots with the vertices
Alm, Prp, Sps, and Grs + And + Sho.
Tolosano-Delgado et al. (2018) recently published a
multivariate discrimination approach relying on linear
discriminant analysis with cross-validation. Based on
an extensive database (n = 3,188), the approach enables
a quantitative classification of garnets into five major
host groups (eclogite-facies rocks, amphibolite-facies
rocks, granulite-facies rocks, ultramafic rocks and igneous rocks).
Detailed analyses of trace elements in garnets were
also shown to be useful for discriminating source rocks
(e.g., Fedorowich et al. 1995; Otamendi et al. 2002;
Čopjaková et al. 2005; Jung and Hellebrandt 2006;
Krippner et al. 2014; Jedlička et al. 2015). In addition
to elemental analyses, the metamorphic grade of garnets
can be roughly assessed by investigating grain inclusions (Krogh 1982; Wendt et al. 1993; Méres et al. 2012;
Schönig et al. 2018).

2.4. Limitations of conventional ternary
garnet discrimination diagrams
The accuracy of representing chemical compositions of
garnets that are commonly dominated by the four endmembers almandine, grossular, pyrope and spessartine in
ternary diagrams is limited. Krippner et al. (2014) highlighted a high degree of inaccuracy regarding particular
classification subfields in the discrimination diagrams of
Preston et al. (2002), Mange and Morton (2007), Méres
(2008) and Aubrecht et al. (2009). The success rate for an
unambiguous classification of certain garnet groups (e.g.,
amphibolite-facies metasedimentary garnets) in ternary
diagrams is relatively low (Krippner et al. 2014). Moreover, the origin of garnets that are dominated by other
end-members such as andradite, uvarovite or schorlomite
cannot be inferred from these ternary discrimination
diagrams.
In the case of the discrimination diagrams of Preston
et al. (2002) and Mange and Morton (2007), the endmembers spessartine and almandine are attributed to
one vertex in each diagram. This is particularly relevant
for discrimination between specific spessartine-rich
metasedimentary garnets and garnets of intermediate–felsic igneous rocks (granodiorites, granites and
pegmatites). As indicated by the classification diagrams of Preston et al. (2002) and Mange and Morton
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(2007), average garnets of granodiorites, granites and
pegmatites exhibit higher spessartine contents than
metasedimentary garnets (Deer et al. 1982; Manning
1983). However, since garnets of greenschist-facies,
lower blueschist-facies and lower amphibolite-facies
rocks also tend to show elevated spessartine contents,
an accurate interpretation of the chemistry of garnets
in terms of their origin is hampered (Deer et al. 1982;
Suggate and Hall 2014). Poor discrimination potential
regarding the distinction of spessartine-rich metasedimentary amphibolites (biotite schists) and spessartinerich intermediate–felsic igneous rocks (granites and
granite pegmatites) in the diagrams of Preston et al.
(2002) and Mange and Morton (2007) is obvious
(Krippner et al. 2014). The discrimination diagrams
for metamorphic garnets of Méres (2008) and Aubrecht
et al. (2009) do not combine two end-members at a
certain vertex, but rather are merely based on the three
end-member systems Alm–Prp–Grs and Alm–Prp–Sps.
Hence, discrimination of calc-silicate (metasomatic)
and intermediate–felsic igneous rocks is not possible.
The double-ternary discrimination diagrams of Suggate and Hall (2014) are especially useful alternative
tools for deciphering the provenance of garnets with
rather unusual compositions since this approach also
considers andradite and rare schorlomite end-members.
However, these diagrams also do not fully resolve the
problem of overlaps between garnets of amphibolites,
granulites, blueschists and eclogite-facies rocks (Krippner
et al. 2014).

3. Materials and methods

3.1. Samples
Lower Miocene, garnet-rich sediment samples of the
Fels Fm. (S1) and the Laa Fm. (S2) were collected in
the Lower Austrian Molasse Basin, at Fels am Wagram
(48°27'39.82"N, 15°48'42.09"E) and Kirchberg am
Wagram (48°26'21.10"N, 15°51'7.35"E) and in the Upper Austrian Molasse Basin at Gurten (48°14'57.99"N,
13°20'42.31"E) (Fig. 5). Sediments of the Fels Fm. are
characterized by well-sorted, fossil-rich medium and
coarse sands. The Laa Fm. comprises yellowish brown,
mica-rich medium and fine sands. For more detailed
information on the sedimentological characteristics of
both formations, see Roetzel et al. (1999) and Roetzel
(2016). The Upper Austrian Oncophora Fm. comprises
brownish-grey, diffusely layered clayish silts and light
brown, mica-rich fine sands with intercalated pelitic
layers. For additional information on the sedimentological characteristics of the Oncophora Fm. see Rupp
et al. (2011).
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Fig. 5 Geological maps with sample locations. a – Sample location X1 (Upper Miocene Oncophora Fm.) in Upper Austria with other Miocene
deposits (Ried, Mehrnbach, Treubach and Braunau formations). b – Sample locations S1 (Lower Miocene Fels Fm.) and S2 (Middle Miocene Laa
Fm.) in Lower Austria.

3.2. Heavy-mineral analyses
The collected samples were treated with 40% acetic acid
(C2H4O2) for five days to remove carbonate material.
After drying in an oven, heavy minerals of the 0.063–0.4
mm sieve fraction were separated using the tetrabromethane heavy liquid (density 2.97 g/cm³). Heavy-minerals
(n minimum = 200) were identified under a Nikon Type
104 polarized light microscope (Nikon Instruments Europe BV, Amsterdam, Netherlands).

3.3. Electron-probe microanalysis

4. Results

4.1. TETGAR_C
In order to overcome some limitations of conventional
ternary garnet discrimination diagrams, a tetrahedral garnet discrimination plot and calculation tool (TETGAR_C)
has been developed (Knierzinger et al. in print; see also
Theune 2005; D’Errico 2012). TETGAR_C is an improved version of TETGAR (Knierzinger et al. in print)
that is based on the four garnet end-members (in mol. %):
almandine (Alm), grossular (Grs), pyrope (Prp) and
spessartine (Sps). TETGAR_C was programmed using
MATLAB (version 2016a).
The following Cartesian coordinates define the vertices
of the regular tetrahedron.

For electron-microprobe analyses, heavy minerals
were embedded in one-inch epoxy mounts (Araldite)
and subsequently polished and carbon-coated. Garnet analyses were performed at the Department of
1/1
3/1
2 / 2.732
2 / 1.577
Lithospheric Research by means of a Cameca SX100 =
				
(1)
Alm =
Grs
=
Prp
=
Sps
1
1
1
2.633
electron-probe microanalyzer (EPMA) equipped with
four wavelength spectrometers (WDS) and one energyCartesian coordinates were recalculated from normaldispersive spectrometer (EDS). Well-characterized
ized end-member values.
homogeneous natural and synthetic minerals were used
The space coordinates of any given garnet composition
as standards. All garnet analyses were carried out using
in TETGAR_C are calculated as follows:
a focused beam at 15 kV accelerating voltage and 20
3/1
2 / 2.732
2 / 1.577
nA beam current.
Alm(%) +
Grs(%) +
Prp(%) +
Sps(%) (2)
1
1
2.633
The counting time was 20 s at the peak position and
10 s at each background position.
Space coordinates of given garnet compositions are
For matrix correction, the PAP method (Pouchou and
directly calculated by the MATLAB function that can be
Pichoir 1991) was applied to all acquired data (Si, Al, Fe,
found online as supplementary data.
Ca, Cr, Mg, Mn and Ti). The relative errors of the internal
Integrated subfields in this tetrahedral discriminalaboratory standard were below 1 % (Fig. 6). Garnet fortion plot are based on the chemistry of more than 2,600
mulae were recalculated on the basis of 12 oxygen atoms
garnet samples. A database of Suggate and Hall (2014)
and end-member proportions obtained using a Microsoft
and additional electron-microprobe data (Brown 1969;
Excel spreadsheet (Locock 2008).
Shimazki 1977; Okay 1980; Manning 1983; Mathavan
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500 μm BSE 15 KV

b
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c

Grt

Grt

0.5 mm

Fig. 6a Backscattered-electron images (BSE) of polished heavy minerals
of the Laa Fm. b – Single garnet (Grt) grain of the Fels Fm. (BSE). The
black arrow marks the location of WDS measurement of garnet mineral
grain. c – Initial to advanced corrosion on surfaces of garnet grains of
the Laa Fm. (centre). Plane-polarized light.

1989; Shenbao 1993; Klemd et al. 1994; Paulick and
Franz 2001; Willner et al. 2001; Ballèvre et al. 2003;
Dasgupta and Pal 2005; Drahota et al. 2005; Polyakova
et al. 2005; Makrygina and Suvorova 2011; Malvoisin
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et al. 2011; Antao 2013) are used as underlying data for
the integrated subfields in TETGAR_C. The entire list of
garnet compositions used for this study can be found as
online supplementary material.
Based on the freely-accessible database of Suggate
and Hall (2014) and additional EPMA data (see Introduction), various triangulated subfields representing
mean chemical compositions of garnets of calc-silicate
rocks, felsic igneous rocks (granites/pegmatites) and
metasedimentary and metaigneous rocks of various
metamorphic grades were integrated into TETGAR_C
(Tab. 1). The data volume was compressed and only
garnets in the range of (±) one standard deviation (σ)
of the arithmetic mean (μ) for each end-member (Alm,
Prp, Grs and Sps) were taken into account. Accordingly, each subfield represents ~68 % of all garnets
considered for a specific subgroup (1σ confidence
interval).
Garnets with higher other (e.g., andradite, uvarovite)
end-member components (≥ 4 %) were discarded. Garnets from rare ores, xenoliths, volcanic rocks, hornfelses,
those with unclear or ambiguous attribution as well as
redundant measurements were also disregarded. Due to
their level of heterogeneity and insufficient data, migmatitic rocks were not explicitly considered either, although
smooth transitions between rock types prevented a complete exclusion of migmatitic rock characteristics and
hence an unambiguous attribution (see e.g., Gföhl Unit).
In order to calculate spatial coordinates of the plotting
points in the tetrahedron, normalization of data to 100 %
was performed (see supplementary data). The classification of garnets relies on a subdivision into ten garnet
groups (Figs 7–10): (1) granites and pegmatites [pe] 1,
(2) greenschist-facies metasedimentary rocks [gre],
(3) amphibolite-facies metasedimentary rocks [sedam],
(4) amphibolite-facies metaigneous2 rocks [metigam],
(5) blueschist-facies metaigneous and metasedimentary
rocks [blue], (6) calc-silicate rocks [cal], (7) granulitefacies metasedimentary rocks [sedgra], (8) granulitefacies metaigneous rocks [metiggra], (9) eclogite-facies
metaigneous and metasedimentary rocks [ec] and
(10) ultramafic rocks [maf].
The classification is partly based on Suggate and Hall
(2014), Krippner et al. (2014) and Tolosano-Delgado
et al. (2018) and does not comply with common rock
classification schemes. It rather represents an attempt to
establish a consistent nomenclature, enabling a reasonable comparison of garnet-bearing rocks.
The three-dimensional impression is ensured by
using a colorbar (z-axis) that corresponds to the spessartine content. Integrated 3D-grid lines offer a better
1
2

Abbreviation in TETGAR_C function.
In this context, the term metaigneous comprises metabasic rocks
and orthogneisses.
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Prp

Alm

Grs

Fig. 7 TETGAR_C (top view) with integrated 3D-grid lines and ten subfields representing average garnet compositions of calc-silicate rocks,
granites and pegmatites and different metamorphic facies of metasedimentary and metaigneous protoliths (mol. %). Red points denote mean values
of the subfields.

spatial orientation and increase the general interpretation capacity of the plot. Dotted red lines denote the
shortest distances to mean values of the subfields. If
the user is familiar with the dimensions of the subfields, a single TETGAR_C figure (i.e., top view) is

sufficient to identify the garnet suites with the highest
correspondence.
In addition to the spatial information that can be
extracted from TETGAR_C, the function directly calculates whether a certain point (single garnet measure-

Tab. 1 Selected garnets for triangulated subfields in TETGAR_C
Lithology

Chosen representative
garnets (n)

Greenschist-facies metasedimentary rocks
41
Amphiboltie-facies metasedimentary rocks
279
Amphibolite-facies metaigneous rocks
42
Blueschist-facies metasedimentary & metaigneous rocks
149
Granulite-facies metasedimentary rocks
179
Granulite-facies metaigneous rocks
66
Eclogite-facies metasedimentary & metaigneous rocks
97
Granites & pegmatites
70
Ultramafic rocks
192
Calc-silicate rocks
37
Garnets within ±1σ of the arithmetic mean were used as underlying data for the triangulations

Garnets within 1σ
confindence interval
14
126
17
75
77
27
42
21
104
11

in %
34.14
45.16
40.47
50.33
43.01
40.90
43.30
30.00
54.10
29.72
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Fig. 8 TETGAR_C (front view).

ment) falls within a subfield or not. If a point is located
within a subfield, it is plotted as a circle. If a point
plots outside a subfield, it is displayed as a perforated
flower structure. Moreover, TETGAR_C calculates the
distance to the closest subfield mean value enabling an
attribution to formation conditions and source rocks.
Quantitative results are displayed in the MATLAB
Command window.

4.2. Heavy-mineral analyses
The heavy-mineral assemblage of the Laa Fm. is characterized by a predominance of garnet (72 vol. %) and
moderate to low concentrations of Ca-amphiboles (6.7
vol. %), epidote-group minerals (6.1 vol. %), aluminosilicate minerals (3.5 vol. %) and rutile (2.9 vol. %)
(Fig. 11). Garnets of the Laa Fm. are colourless or pink
and are primarily represented by subangular to subrounded grains, sometimes showing advanced degrees
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of corrosion (see also Andò et al. 2012). The heavymineral spectrum of the Oncophora Fm. shows significantly higher amounts of epidote-group minerals (68.3
vol. %), smaller amounts of garnet (7.5 vol. %), rutile
(7.0 vol. %), aluminosilicate minerals (5.1 vol. %),
zircon (2.3 vol. %) and the Na-amphibole glaucophane
(3.7 vol. %). Garnets in these sediments are relatively
small (<100 µm). They are colourless or slightly pinkish, showing subangular to subrounded forms and
initial to advanced corrosion states. The heavy-mineral
assemblage of the Fels Fm. is dominated by garnet
(43.6 vol. %) and staurolite (20.3 vol. %). Besides,
lower amounts of epidote-group minerals (5.5 vol. %),
tourmaline (4.3 vol. %), zircon (6.4 vol. %), rutile (5.5
vol. %), and aluminosilicate minerals (2.6 vol. %) are
present. Garnets of the Fels Fm., mostly slightly pinkish
with initial corrosion features, predominantly appear in
angular to subangular form.
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Sps

Grs

Prp

Alm

Fig. 9 TETGAR_C (side view).

5. Discussion

5.1. Case study of garnet provenance
analysis using TETGAR_C
Heavy-mineral assemblages and chemical data from
detrital garnets of the North Alpine Foreland Basin in
both Lower Austria (Miocene; Laa Fm.; Fels Fm.) and
in Upper Austria (Miocene; Oncophora Fm.) were used
to evaluate TETGAR_C with respect to its potential to
attribute almandine-rich garnets to their likely source
rocks (Tab. 2).
Sediments are subject to constant alteration involving
weathering processes, intrastratal dissolution and secondary mineral formation. Accordingly, (heavy) mineral

assemblages of sedimentary deposits do not fully reflect
the mineral composition of the source rocks and must,
therefore, be interpreted with caution (Weltje and von
Eynatten 2004; Andò et al. 2012).
Very high contents of epidote-group minerals (68.3%)
in combination with considerable amounts of the highpressure amphibole glaucophane in the Upper Austrian
Oncophora Fm. are considered to be a strong indication of a predominant Alpine influence (see also von
Eynatten et al. 1996; Garzanti et al. 2007; Neubauer
et al. 2007; von Eynatten and Dunkl 2012; Krippner et
al. 2015). This interpretation is backed up by a strong
prevalence of the finest heavy-mineral fraction (<100
µm). Higher contents of epidote-group minerals and
Ca-amphiboles in combination with a predominance
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Fig. 10 TETGAR_C (back view).

of garnet in the Laa Fm. also indicate an influence of
Alpine source rocks (Faupl et al. 1988; Hagedorn and
Boenigk 2008). Considerable amounts of staurolite,
initial corrosion states of specific garnets and generally
mixed grain size fractions (<100 µm to >350 µm) point
towards an additional source in the surrounding area
(Bohemian Massif). Unweathered to initial corrosion
states of heavy minerals of the Fels Fm., characterized
by high amounts of garnets and staurolite and relatively
coarse grain sizes (Ø > 200 µm), suggest a predominant
Laa Fm.

Rutile
Aluminosilicate minerals
Staurolite
Tourmaline
Zircon
Glaucophane
Other heavy minerals

Fels Fm.

Oncophora Fm.
0
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local source in the Moldanubian or Moravian zones (see
Fuchs and Matura 1976; Aliasgari 1993).
Notwithstanding possible implications from heavymineral analyses at this point, the depiction of the
chemical compositions of garnets from the Laa and Fels
formations by the discrimination diagram of Preston et
al. (2002) suggests sources in granites and pegmatites on
the one hand and biotite schists on the other (Fig. 12).
Plotting data in the discrimination diagram of Mange
and Morton (2007) implies an affiliation with metasedimentary amphibolites (Type B).
However, since almost all garGarnet
nets of the Fels Fm. are conCa-amphiboles
Epidote-group minerals
centrated in the Bi subfield, an

10

20

30

40

50 60
vol. %

70

80

90 100

Fig. 11 Heavy-mineral assemblages of
the Middle Miocene Laa Fm. (Lower
Austria), the Middle Miocene Oncophora beds (Upper Austria) and the Lower
Miocene Fels Fm. (Lower Austria).
Presence of all explicitly mentioned
minerals was verified by using EPMA.
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Tab. 2 Representative garnet compositions of almandine garnets (in wt. %, atoms per formula unit and mol. %) of the Laa, Fels and Oncophora
formations taken at the locations X1, S1 and S2.
Sample
Fels 1
Fels 2
Fels 3
Laa 1
Laa 2
SiO2
36.974
37.116
37.409
37.383
36.919
TiO2
0.080
0.063
0.020
0.089
0.237
Al2O3
20.887
20.994
21.307
21.390
21.199
Cr2O3
0.043
0.023
0.015
–
–
FeO
29.945
30.677
35.069
2.148
2.241
MnO
7.997
5.607
0.730
0.295
0.759
MgO
2.506
2.846
4.075
2.118
1.483
CaO
1.926
3.480
2.018
7.123
6.498
Total
100.406
100.807
100.629
100.743
100.499
Number of cations per formula unit (calculated on the basis of 12 oxygens)
Si
2.986
2.973
2.979
2.976
2.966
Ti
0.005
0.004
0.001
0.005
0.014
Al
1.988
1.982
2.000
2.007
2.007
Cr
0.003
0.003
0.001
–
–
Fe2+
2.022
2.055
2.335
2.148
2.241
Mn
0.547
0.380
0.049
0.020
0.052
Mg
0.302
0.340
0.484
0.251
0.178
Ca
0.167
0.299
0.172
0.608
0.559
Total
8.016
8.007
8.032
8.015
8.016
End-members (mol. %)
Alm
66.6
66.9
76.8
71.0
74.0
Prp
9.9
11.1
15.9
8.3
5.9
Grs
5.5
9.7
5.7
20.1
18.5
Sps
18.0
12.4
1.6
0.7
1.7

Laa 3
37.315
0.095
21.438
–
2.410
0.485
4.431
0.514
100.414

Onc 1
37.169
0.092
21.482
–
1.799
2.538
0.659
11.466
100.374

Onc 2
37.096
0.089
21.652
–
1.974
3.385
1.475
7.400
100.686

Onc 3
37.093
0.182
21.275
–
1.702
6.162
0.951
9.468
100.665

2.976
0.006
2.015
–
2.410
0.033
0.527
0.044
8.011

2.965
0.006
2.020
–
1.799
0.171
0.078
0.980
8.019

2.961
0.005
2.037
–
1.974
0.229
0.176
0.633
8.015

2.964
0.011
2.004
–
1.702
0.417
0.113
0.811
8.023

80.0
17.5
1.5
1.1

59.4
2.6
32.4
5.7

65.6
5.8
21.0
7.6

55.9
3.7
26.6
13.7

Prp

Prp

b

a

Alm+Sps

Grs

Alm+Sps

Grs

granites and
granite pegmatites

amphibolites

granites and
granite pegmatites

amphibolites

biotite schists

eclogites

biotite schists

eclogites

Fig. 12 Garnets of Laa (a) and Fels (b) formations in to the garnet discrimination ternary plot of Preston et al. (2002). For the Laa Fm. the diagram
implies sources in ‘granites and granite pegmatites’ and ‘biotite schists’. Garnets of the Fels Fm. are mainly associated with ‘granites and granite
pegmatites.
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Prp

Prp

Type A – granulite-facies metasedimentary rocks,
intermediate-felsic igneous rocks and charnockites
Type Bi – intermediate to felsic igneous rocks
Type Bii – amphibolite-facies metasedimentary rocks
Type Ci – high-grade metabasic rocks
Type Cii – ultramafic rocks
Type D – metasomatic rocks, very low-grade metabasic rocks and
ultra-high temperature calc-silicate granulites

Type Cii

b

Type Ci

Typ
eB
i

Typ
eB
i

a

Typ
e

Typ
e

A

A

Type Cii

Type D

Type Bii

Grs

Alm+Sps

Type Ci
Type D

Type Bii

Grs

Alm+Sps

Fig. 13 Garnets of Laa (a) and Fels (b) formations in the garnet discrimination ternary plot of Mange and Morton (2007). For both formations, the
diagram implies sources in ‘amphibolite-facies metasedimentary rocks’ and ‘intermediate to felsic igneous rocks’.

origin in intermediate–felsic igneous rocks might also be
considered (depending on sample size; Fig. 13).
Projection of the chemistry of the same garnets (Laa
and Fels formations) in discrimination diagrams of Méres
(2008) and Aubrecht et al. (2009) implies an attribution
to amphibolite-facies gneisses (6) and amphibolites (s.s.)
(7). Regarding provenance interpretation of garnets analyzed in this study, no strong concordance between the
Alm–Prp–Grs diagram and the Alm–Prp–Sps diagram of
Méres (2008) and Aubrecht et al. (2009) was achieved
(Figs 14–15).
According to TETGAR_C, 33.3 % (6 out of 18) garnets of the Fels Fm. directly plot within the 1σ amphibolite-facies metasedimentary rock subfield. Calculating the

closest distance to subfield mean values for each plotting
point suggests that all 18 garnets (100 % sedam; see
function TETGAR_C) can be attributed to amphibolitefacies metasedimentary rocks (Fig. 16). The majority of
those low-grossular almandines (~Alm71 Grs6 Prp13 Sps10)
were probably formed in the sillimanite stability field
and are affiliated with metasedimentary rocks (garnet
micaschists) of the Moldanubian and Moravian zones
(see also Bernroider 1989). This is in agreement with the
heavy-mineral spectrum of the Fels Fm. that is dominated
by garnet and staurolite (see also Aliasgari 1993; Nehyba
and Roetzel 2010). Four (22.2 %; n = 18) garnets of the
Laa Fm. plot within the 1σ amphibolite-facies metasedimentary rock subfield of TETGAR_C. According to the

Prp
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a

1

b

1

2&

3

3
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6
Alm
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5
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1
2
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6

B
C

1
2

Sps

Fig. 14 Garnets of the Laa Fm. in the discrimination diagrams of Méres (2008) and Aubrecht et al. (2009) suggesting a source in amphibolite-facies
gneisses and amphibolites (s.s).
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Fig. 15 Garnets of the Fels Fm. in the discrimination diagram of Méres (2008) and Aubrecht et al. (2009) suggesting a source in amphibolite-facies
gneisses and amphibolites (s.s).
Prp

Alm

Grs

Fig. 16 Garnets of the Fels Fm. plotted in TETGAR_C suggesting a main attribution (100%) to ‘amphibolite-facies metasedimentary rocks’
(TETGAR_C top view). The colormap corresponds to the spessartine content in mol. %. Red points are means of the individual subfields. Dotted
red lines denote the shortest distances to the mean values of the subfields. Perforated flower structures symbolize garnet compositions that plot
outside the ±σ subfields.
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Fig. 17 Garnets of the Laa Fm. plotted in TETGAR_C suggesting a main attribution to ‘amphibolite-facies metasedimentary rocks’ (72.2%) and
‘blueschist-facies metasedimentary & metaigneous rocks’ (27.8%) (TETGAR_C top view).

integrated calculation feature, 13 garnets (72.2 %) are associated with amphibolite-facies metasedimentary rocks,
and 5 garnets (27.8 %) with blueschists.
Grossular-rich almandines (~ Alm70 Grs20 Prp7 Sps3) of
the Laa Fm., situated in the transition zone between amphibolite-facies metasedimentary rocks and blueschists
(Fig. 17), may have originated in the kyanite stability
field in high-pressure metasedimentary rocks of the Alps
(e.g., Bestel et al. 2009; Raič et al. 2012). Low-grossular
almandines (~ Alm80 Grs7 Prp10 Sps3) of the Laa Fm., in
contrast, show affinity to metasedimentary rocks of the
Moldanubian and Moravian zones.
The provenance interpretation of the Miocene Fels Fm.
based on garnet discrimination approaches of Preston et
al. (2002), Mange and Morton (2007), Méres (2008) and
Aubrecht et al. (2009) is considered to be ambiguous or
even erroneous. This is especially relevant concerning
low-grossular almandines formed under amphibolitefacies conditions. For such low-grossular almandines
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(~ Alm80 Grs5 Prp10 Sps5) the diagram of Preston et al.
(2002) implies an association with felsic igneous rocks
(granites and pegmatites). Plotting similar garnet compositions in the diagram of Mange and Morton (2007)
also indicates intermediate–felsic source (Type Bi). The
discrimination diagram of Méres (2008) and Aubrecht
et al. (2009) principally does not allow an attribution to
felsic igneous sources at all.
Interpreting the provenance of those low-grossular
garnets of the Fels Fm. by TETGAR_C suggests exclusively amphibolite-facies metasedimentary sources.
Based on the large and transparent underlying dataset of
TETGAR_C, this conclusion is considered to be more
accurate.
Low-grossular almandines are relatively common in
sedimentary depositional systems, and better interpretability of this garnet group is deemed highly useful.
There are arguably numerous disproportionate attributions of similar garnets to (intermediate–) felsic igne-
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ous rocks in the literature (e.g., Krippner et al. 2015;
Bassis et al. 2016; Nehyba and Opletal 2016; Hülscher
et al. 2018).

5.2. Limitations of TETGAR_C
Because of the complex nature of metamorphic processes (e.g., composition of protolith; type of metamorphism), overlaps of discrimination subfields in
TETGAR_C remain inevitable. Due to a lack of sufficient data, eclogite-facies rocks are not subdivided into
metasedimentary and metaigneous rock associations
in TETGAR_C. Since garnets usually do not occur in
greenschist-facies metaigneous rocks, no such subfield
was created either (Barker 1998).
Considerable overlap between amphibolite-facies
metasedimentary and metaigneous rocks on the one hand
and granulite-facies metaigneous and eclogite-facies
rocks on the other is apparent but hardly avoidable due
to similar garnet chemistries. Consideration of additional
garnets associated with orthogneisses would probably
lead to dimension changes of the metaigneous rock subfields (e.g., Povondra and Vrána 1996; Breiter et al. 2005;
Chopin et al. 2012; Georgiadis et al. 2014).
Expansion of the underlying database and a consistent
rock classification would certainly further increase the
accuracy of the subfields (e.g., Tuccillo et al. 1990) and
would presumably enable an integration of additional
ones (e.g., charnockites, intermediate igneous rocks,
hornfelses, orthogneisses, migmatites). A lack of statistical comparability is caused by considerable variability
in the size of the corresponding datasets (calc-silicate
rocks [n = 37]; metasedimentary rocks [n = 279]). Addition of further garnet analyses from calc-silicate rocks,
greenschists (n = 41) and metaigneous amphibolites (n =
42) would be desirable.
Garnets of calc-silicate rocks are typically dominated
by the grossular–andradite solid solution (e.g., Deer et
al. 1982; Suggate and Hall 2014). For that reason, the
grossular-rich calc-silicate rocks subfield in TETGAR_C
represents only a particular group of garnets that are affiliated with calc-silicate rocks.
Following example deals with garnets of the Oncophora Fm. and highlights some ambiguities of TETGAR_C
concerning provenance interpretation (Fig. 18). Although
the integrated calculation feature of TETGAR_C implies
a predominant attribution to blueschist-facies rocks, great
care must be taken when interpreting the provenance,
since the majority of garnets plot – similar to grossularrich almandines of the Laa Fm. (see Fig. 17) – in the
transition zone between greenschist-, amphibolite- and
blueschist-facies rocks (Fig. 18).
According to TETGAR_C, seven garnets (70 %)
are affiliated with blueschists, two (20 %) are linked

to amphibolite-facies metasedimentary rocks and one
might be attributed to amphibolite-facies metaigneous
rocks.
Since the amphibolite-facies metasedimentary rocks
subfield and the metasedimentary greenschist subfield are
slightly more extended than the blueschist-facies subfield,
the plotted points fall closer to the mean value of the
blueschist-facies subfield. Taking this into account, a reliable affiliation with blueschists as dominant source rocks
is debatable. One point in the transition zone between
amphibolite-facies metasedimentary and blueschistfacies rocks plots in both subfields, further illustrating
the limited discrimination efficiency of the subfields. An
accurate affiliation is further complicated due to the small
sample size (n = 10). However, for the Oncophora Fm.,
a considerable contribution of blueschist-facies garnets
is also supported by the presence of the HP–LT mineral
glaucophane.

5.3. Varying grossular contents in
metasedimentary and metaigneous
rocks
Representation of data in TETGAR_C suggests major
compositional differences between garnets from metasedimentary and metaigneous rocks. In general, the former
show lower grossular contents than the latter. Smaller differences between the two groups were noted with respect
to blueschist-facies rocks.
Distinct grossular contents between metasedimentary
and metaigneous rocks might be due to the relatively
fast dissolution rate of Ca-rich feldspars in sedimentary
environments.
Ca-rich feldspars (e.g., anorthite) are major constituents of igneous rocks, and they are also important
reactants in the formation of grossular (Hufmann 2003).
The dissolution rate of anorthite (Ca[Al2Si2O8]) is very
high (log rate: –8.55 mol/ m²/sec). The mean lifetime of
a 1 mm anorthite crystal at 25 °C and pH 5 is about 112
yr (Lasaga 1984). By comparison, a quartz crystal (log
rate: –13.39 mol/m²/s) of the same size and exposed to
similar conditions has a mean lifetime of 34 Ma (Lasaga
et al. 1994).

6. Conclusions
In comparison to other ternary garnet discrimination diagrams, the three-dimensional MATLAB-based
TETGAR_C software enables a better spatial and quantitative differentiation of plotting points and hence a
better interpretation of the origin of detrital garnets in
many cases. The distinguished subfields are based upon
a database of more than 2,600 garnets. The main function
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Fig. 18 Garnets of the Oncophora Fm. plot in the transition area between greenschists, blueschists and amphibolites. TETGAR_C (top view)
indicates a primary attribution to ‘blueschist-facies metaigneous & metasedimentary rocks’ (70%) and ‘metasedimentary amphibolites’ (20%).

tests whether a point plots within a subfield and quantifies the distance to the closest mean value for any of the
subfields.
Since conventional ternary discrimination diagrams
combine or disregard certain end-member components,
an unambiguous attribution to certain source rocks is
hampered. Compared to these conventional ternary discrimination diagrams, the three-dimensional nature of
the discrimination plot TETGAR_C reduces the overlaps
among specific garnet subfields considerably. In particular, TETGAR_C enables a clearer distinction of the
garnets from greenschist-facies, amphibolite-facies and
blueschist-facies and felsic igneous rocks (granites and
pegmatites) as well as a general differentiation between
metaigneous and metasedimentary provenances from
amphibolite- and granulite-facies rocks.
Although considerable differences between specific
garnet groups in terms of data volume limit the statistical
comparability of the subfields, the interpretation potential of TETGAR_C is considered to be superior to other
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ternary garnet discrimination diagrams with no specific
underlying quantitative data.
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