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Cover letter 

 

Dear Editor, 

The present letter accompanies the submission of the revised version of the paper 

“Embryos of TTGs in Gore Mountain garnet megacrysts from water-fluxed melting of 

the lower crust” from myself, Wannhoff, Laurent, Yakymchuk, Darling, Wunder, 

Borghini, O’Brien. 

We are grateful to the reviewers for their comments and observations. We accepted 

most of the suggested changes. We expanded the text and/or simplified it where 

suggested by reviewer #1 and #2, and inserted appropriate comments and references 

in keeping with the latest paper on the area from Shinevar et al. 2021, which became 

accessible 3 weeks ago and support fully our results. We answered each comment in 

detail (see below). 

We modified figure 7 of the original version by adding more diagrams to discuss the 

data (as suggested by reviewer #1), changing the visualization style of the single data 

(they are not grouped in clouds any longer) and splitting the figure in 2, which resulted 

in adding one figure (Fig. 8) to the manuscript. We modified also table 1 to include 

each single melt analysis and we added a new database (containing the experimental 

melts used in figures 7 and 8) as supplementary file Table S3, as suggested by 

reviewer #1. Finally, we modified the colour palette of each figure top meet color-blind 

friendly standards. 

The methods in supplementary file were also slightly modified to clarify the alkali-

correction procedure (reviewer #1).  

Please let us now if further clarifications are needed.  

Best regards 

Silvio Ferrero and co-authors 

  

Cover letter and answers to reviewers



Reviewers' comments: 

Reviewer #1: Review of "Embryos of TTGs in Gore Mountain garnet megacrysts 

from water-fluxed melting of the lower crust" (Ferrero et al.) 

By O. Jagoutz 

 

The paper presents a detailed study of melt inclusion hosted in megacrystic garnet 

from the gore mountain garnet granulite. The paper's key conclusions are 1) the 

rocks enjoyed much higher temperature than previously assumed and 2) that partial 

meting is the essential process to produce Archean TTG. 

I read the paper with great interest and recommend it for publication after some 

(major) revision. The paper reads as if it was initially written for a short format journal 

and subsequent extended for EPSL (as we all often do). However, the paper's style 

is still more akin to what one expects in short format journals and not appropriate for 

EPSL. The text should be thoroughly reworked, more nuanced, less speculative, and 

a more in-depth discussion of the data is essential. 

Thanks for the suggestion. The text was already thoroughly expanded to clarify 

many aspects which were unclear in the shorter version of the paper, and at the 

same time we tried to keep it synthetic enough to avoid excessive speculations. The 

new version of the paper submitted along with this letter makes fully use of the 6500 

words limit allowed by the EPSL format and make up for the shortcomings pointed 

out by the reviewer. 

  

In my opinion, the paper should be strengthened along the following 

recommendations: 

1)      We recently published a paper in JPet (Shinevar et al., 2021) that comes to the 

same conclusion as the manuscript concerning the P, T estimates of the gore 

mountain garnet granulites. So the statement that these are 'surprising' high 

estimates for UHT conditions in these rocks should be discussed more nuanced and 

our recent paper more considered when discussing published P, T estimates.  

Agree. Although we were aware of the JPet paper in preparation, we had access to 

the final accepted version only after submitting the present version of the paper. Our 

revised paper now takes in account the new findings of Shinevar et al. (2021) and 

cite it/discuss it where appropriate. Also, we removed the “unexpected outcome” part 

(line 314). 

But it is exciting to see that this manuscript corroborates our finding. 

Agree! 

 

2)      The manuscript tries to make a significant point that the MI's analyzed in grt 

from Gore mountain granulites are key to understand TTG formation. I have 

(obviously) some issues with this discussion, as the paper stretches the importance 

of their finding beyond what I consider reasonable. The authors try to make a point 

that their finding 'strengthens' the idea that TTG is generally formed in a two-stage 



process whereby a basaltic/gabbroic precursor remelted to form TTG because the 

lower crust is being flushed with H2O and hot. I think this part is where the authors 

need to be true to the observations: The MI could indeed represent melt inclusions, 

but there is no evidence that these rocks lost any significant melt.  

We see the point the reviewer is making, but we would like to stress that whether 

these rocks lost melt is irrelevant for the purpose of the paper. What we discuss in 

the manuscript is the mechanism of mafic melting producing a trondhjemitic melt, not 

the generation of TTG bodies in this particular area (this is discussed in greater 

details in the answer to the next part of the comment below). We have a protolith that 

has melted and still preserve melt as inclusions, and this allow us to draw some new 

considerations on the petrogenesis of this type of melts. We are very clear in 

pointing out the differences between these TTG embryos and “real” TTGs in 

paragraph 4.4 and 4.5 (now 4.5 and 4.6 respectively), and in fact this is the reason 

why we use the terminology TTG embryos rather than simply TTGs or nanoTTGs, 

discussing this choice at length in paragraph 4.4 (now 4.5).  

The 'white' stuff shown in figure 6 is not a melt (as alluded to in the text), and the 

bulk composition of the garnet granulites is identical to the composition of the 

protolith (see Shinevar et al. 2021 or other previous studies that all conclude the 

same). So while the rocks might have locally melted, they have not lost any 

significant amount of melt to higher crustal levels. 

What evidence has the reviewer to rule out so strongly the possibility of the “white 

stuff” being (at least originally) a melt? As far as we know nobody besides Hollocher 

(2008) discussed its nature, so we do believe its nature still needs to be clarified, as 

it is the only portion of the garnet amphibolites that indeed may look like a 

crystallized melt of some sort (see lines 271-298). On another note, we totally agree 

with what Shinevar et al. (as well as previous authors) states in the paper, e.g. that 

the amphibolites did not change composition with respect to the gabbro (with the 

exception of water). We added lines 295-298 to make this clear.  

So they are NOT the source regions for TTG's. Additionally, it's important to keep in 

mind that these garnet granulites crop out in a tiny area related to a specific 

structural situation (next to a fault zone), and it is quite a stretch, in my opinion, to 

cite the finding of these unusual rocks as representative for key processes in the 

lower crust. It is generally concluded, as does this manuscript, that the fault zone 

along which these rocks outcrop, was a pathway for the fluid that interacted with and 

formed these grt granulites. We don't know if fluids flush the entire lower crust to 

form large batholiths of TTG.  

As it is clear from the comment of the reviewer, our original text clearly misled the 

reader about what is the main target of this manuscript. We modified significantly the 

introduction to improve clarity on this point (lines 77-83). We would like to clarify 

however that nowhere in the manuscript we say that this particular case of melting of 

this gabbro generated bodies of TTGs. What this case (indisputably, in our view) 

does is offering a completely new glimpse into the mechanisms of mafic melting, 

both how it may proceed (e.g. involving water) and what are the products of this 

process. Melt composition is consistent with mafic melting and close to TTG like 



magmas, and lower crustal rocks of mafic composition have been proposed as 

possible sources of TTGs. So even if exactly those rocks did not generate TTG 

bodies, the mechanism operating there (mafic melting of lower crustal rocks 

producing a trondhjemite) are the same many authors have proposed to take place 

where TTGs are generated.  

There are multiple ways to form TTG, and both likely occur in nature. Indeed there 

are vast outcrops of lower crustal magmatic cumulates complementary to TTG 

granitoid those cant be dismissed based on the presented manuscript. Additionally, 

multiple experimental studies provide strong evidence that hydrous fractional 

crystallization could be a key process to form TTG. As the Italians say: Many roads 

lead to Rom…. 

We absolutely agree that it is not possible to propose a “one size fits all” type of 

model for TTG generation. What we propose is that our finding support one model in 

particular, but this does not mean at all that our findings invalidate all the other 

models. We modified the conclusions (lines 554-558) to clarify how our finding does 

not pose any problem to the existence of other mechanisms of TTG production.  

 

3)      Instead of the more speculative discussion/conclusions, I would like to see a 

more in-depth discussion of the analytical data. I was surprised to read that glass is 

still preserved in these inclusions that formed 1 Ga ago and cooled very, very slowly 

in the lower crust. That observation needs to be discussed in much greater detail.  

Agree. The presence of glass is rather common in nanogranitoids, and its presence 

is closely related to presence of polymorphs, and for this reason it will be discussed 

along with such phases (see answer to comment number 5).  

Even more so, as the glass composition is much more akin to a granitic minimum 

melt than the bulk re-integrated MI compositions (which are more Na-rich).  

As stated at line 141-143, this melt is residual after crystallization of some phases 

inside the same inclusion, so it is expected to be different from the fully re-

homogenized inclusions. Its similarity with the minimum granitic melt is entirely 

coincidental. 

The supplement hints at significant alkali loss during analyses (16-24% relative to 

Na) but not the main text. How is the alkali loss quantified, was it corrected, and how 

much did that change the results? The paper addresses these issues neither in the 

main text nor in the supplement. Table S2 refers to a "High resolution investigation 

and microchemistry" section that I have not been able to find. 

The procedure is already clearly described in the supplementary material. The 

section “High resolution investigation and microchemistry” is the first one of the files, 

with the alkali correction procedure explained in the first page. To avoid confusions, 

we reworded this part of the text to provide more details on the procedure we 

followed. To clarify matters for the reader we also added some words at line 167-168 

in the main text. 



 

4)      Experimental work shows clearly that high Na/K melts only form from high 

Na/K precursors (see e.g. Jagoutz, 2012 for a compilation of experiments). I tried to 

eyeball the melt composition and the bulk rock composition, and it looks like it fits 

this general trend. But in general, the melt composition needs to be discussed in 

more detail. In that respect Figure 7 is not very helpful. Figure 7 a, b, for example, 

show the same Na-K-Ca systematics (either as element or mineral modes). A 

classical TAS diagram would be a good start, followed by Harker diagrams etc, that 

show all reintegrated MI and glass compositions. A detailed comparison between the 

observed and experimental data would be helpful. Currently, all the manuscript 

presents are a bunch of colored fields in triangle plots.  All data needs to be provided 

as a table, including the original analysis and the composition corrected for alkali 

loss. 

The text has been modified to discuss more in detail the data (lines 437-446). Figure 

7 has been modified adding a TAS diagram and Na2O vs CaO and Al2O3 vs SiO2 

diagrams. Previous figures 7c, d, e,f have been used to create a new figure 8. Table 

1 has been also modified and now it contains also each single analysis performed on 

the re-homogenised inclusions. Table S1 has been then removed because 

redundant. A table with all the experimental compositions used in figure 7 (and now 

8) is now provided as supp material “Table S3_H2O-present melting experiments 

from literature”. 

About the suggestion to add the uncorrected analyses: we believe this is not 

necessary (indeed this is never done in manuscripts about nanogranitoid studies) 

because It is well known that analyses of alkali-rich glasses are not representative of 

the real glass present after the experiment BEFORE the alkali correction is applied. 

We modified the supplementary material to provide more info on the correction 

procedure (see answer to point 3) and we believe this is sufficient to clarify this point. 

If the reviewer is interested in the original analyses I am happy to provide them in a 

separate email, but adding more analyses to this manuscript would only clog it with 

unnecessary data. 

 

5)      The fact that cristobalite, trilobite, and kumdykolite is present should equally be 

discussed in detail. What is the explanation for a low P, high T phase like cristobalite 

or tridymite present in MI that formed at ~ 1 GPa ? Is the kumdykolite a high P or 

high T phase? Why is its structure preserved if the rocks cooled slowly? 

Cristobalite, kumdykolite and glass represent indeed still a quite enigmatic finding. 

The text has been modified to include more information on them (new paragraph 

4.2). 

 

 

In conclusion, this is a fascinating study that I would like to see published. But its 

present form has too many loose ends. A thorough major revision is necessary to 

bring this paper to the EPSL standard. 



 

Hope it helps, Oli. 

 

Reviewer #2: I reviewed this paper for Geology and liked it then. The authors 

overstate several aspects of the study, which should be toned down.  

This has been done in the present version of the manuscript, also as reaction to the 

comments of reviewer #1 (see answer to comment #2 above) 

I'd also like to see an expanded discussion of the Laurent NG paper. Please seem 

my review attachment. Otherwise this is a nice cpntribution that fits well into the 

EPSL remit. 

Detailed review 

I reviewed an earlier version of this paper for another journal. I enjoyed reading it 

then, and I think it has got better with the additional space permitted by EPSL. The 

study clearly identifies the presence of primary trondhjemitic melt inclusions within 

garnet porphyroblasts from a the classic Gore Mountain metagabbros, which the 

authors argue formed by H2O-fluxed melting and that the compositional 

heterogeneities the melt inclusions preserve questions the validity of using such 

compositional data for pressure (and depth) estimates. This is an interesting and 

important finding that chimes with several other recent papers. What I find frustrating 

is that I am having to make much the same comments as I made in the earlier 

review. A point I made in the previous review, and repeat, is that the authors claim 

that their melt inclusions represent “…the first direct natural evidence that melting of 

mafic rocks generates TTG-like melts…” This is still not true. For example, see 

Johnson et al. 2012 (Archaean intracrustal differentiation from partial melting of 

metagabbro—field and geochemical evidence from the central region of the Lewisian 

complex, NW Scotland, Journal of Petrology 53 (10),2115–2138). 

We modified abstract and conclusions and inserted the citation to Johnson et al., 

(2012). See Lines 560-561. 

 Statements such as “…they contain trondhjemitic melt inclusions in a mafic source 

rock, a feature never recognized in previous studies on MI in metamorphic rocks” are 

obviously fine. Some primary references to TTG magmas should be provided, which 

were not discovered by Moyen and/or Martin. Perhaps Barker and Arth (1976) 

deserves a mention (Generation of trondhjemitic tonalitic liquids and Archean 

bimodal trondhjemite-basalt suites. Geology 4, 596-600). 

Unfortunately, the limit of 50 references really makes it difficult to report old literature 

(even if we agree it is fundamental literature!). We changed the first citation of Moyen 

and Martin at line 58-59 to “(see Moyen and Martin, 2012 and references therein for 

a thorough review on the subject)” 

As I said earlier, on line 59, “The formation and stabilization of the earliest 

continental crust are key aspects of planetary evolution” implies that other planets 

have significant volumes of felsic continental crust. Which planets are these, in which 

understanding TTGs is so important? 



We were referring to the Earth, not other planets. The text has been modified (lines 

60-61). 

Without wishing to be provocative, I am confused by some aspects on the Laurent et 

al NG paper. Using their supp. data, if you plot Eu anomaly for their trondhjemites 

(the supposed plagioclase-rich cumulates) and the felsic volcanic rocks (the 

supposed evolved melts following plagioclase fractionation) they are 

indistinguishable (see below). How does this work? In addition, if this model were 

more generally applicable, where are all the felsic volcanic rocks in greenstone belts 

to complement the vast volumes of TTGs in Archean lower crustal sections 

worldwide? 

We believe that the present paper is not the right place to defend another (published) 

paper. In particular, the reviewer made the same comment on a submitted version of 

a follow-up article to the Laurent et al. NG story, and the revised version of this 

article (which is to be submitted soon, as I am told by O.Laurent) will certainly be a 

much more appropriate venue to answer this comment. 

I am not suggesting that fractional crystallisation plays a no role in TTG genesis, but 

I see little evidence that it is significant. Given the weight that is placed on the 

Laurent et al. paper in the discussion, I do think the reader needs some explanation 

of these factors 

We think that the "weight" given to the Laurent et al NG model in our paper is not as 

strong as the reviewer suggests - some points of discussion indeed converge, 

notably the non-uniqueness of the interpretation of trace element signatures in terms 

of melting pressure, but the overall general model is quite different and the two 

stories do not depend on each other to be valid. For instance, in the present 

manuscript we make the case that trondhjemitic melts can form directly by partial 

melting of mafic rocks, whereas the Laurent et al. model argue that trondhjemites are 

simply not melts but cumulates instead. In short, the story of the present paper is just 

not the same as the one defended in the Laurent et al. paper. 
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Abstract 20 

The garnet megacrysts of Gore Mountain (Adirondacks, US) are world-renown crystals 21 

due to their size, up to 1 m in historical record, which makes them the largest known 22 
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garnets on the planet. We show here that they are also host to the first primary inclusions 23 

of trondhjemitic melt found in natural mafic rocks. The petrological and experimental 24 

investigation of the inclusions, coupled with phase equilibrium modelling, shows that this 25 

melt is the result of H2O-fluxed partial melting at T > 900 °C of a lower crustal gabbro. 26 

The compositional similarity between the trondhjemitic melt inclusions and tonalitic–27 

trondhjemitic–granodioritic (TTGs) melts makes these inclusions a the first direct natural 28 

evidence that melting of mafic rocks generates TTG-like melts, and provide us with the 29 

possibility to clarify processes responsible for the formation of the early continental crust. 30 

These TTG embryos represent the trondhjemitic end-member of the melts whose 31 

emplacement at upper crustal levels, after being modified by mixing and crystallization-32 

related processes, leads to the formation of the TTG terranes. MoreoverMoreover, our 33 

study shows how the melt from H2O-fluxed melting of mafic lower crust has mismatched 34 

major and trace element signatures, previously interpreted as evidence of melting at very 35 

different pressures. This poses serious limitations to the established use of some 36 

chemical features to identify the geodynamic settings (e.g. subduction versus thickened 37 

crust) responsible for TTG generation and the growth of early crust.  38 

 39 

1. Introduction 40 

The garnet megacrysts of Barton mine, Gore Mountain (Adirondack Highlands, 41 

USA) are world-renowned both among petrologists and collectors for their exceptional 42 

size - 1 m crystals are recorded historically, making them some of the largest known 43 

garnets on the planet, and for their industrial use as abrasive material, with mining having 44 

occurred continuously from 1878 to 1983 (Kelly and Darling, 2008). These specimens 45 
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also display another crucial feature: the presence of silicate melt preserved as crystallized 46 

and glass-bearing inclusions of primary nature. Garnet is one of the most common and 47 

widely stable peritectic phases in metamorphic crustal rocks (Baxter et al., 2013), and it 48 

has been proven to be able to trap and preserve the melt resulting from crustal melting in 49 

more than 40 localities worldwide (Nicoli and Ferrero, under reviewaccepted; Ferrero et 50 

al., 2018). Although melt inclusions (MI) are being increasingly recognized as a common 51 

feature of high gradehigh-grade terranes (Bartoli and Cesare, 2020), the Gore Mountain 52 

inclusions are unique because they contain trondhjemitic melt inclusions in a mafic source 53 

rock, a feature never recognized reported in previous studies on MI in metamorphic rocks.  54 

Partial melting of a mafic sources has been invoked for the formation of the tonalite, 55 

trondhjemite and granodiorite (TTG) rocks, suites of sodium-rich, potassium-poor 56 

granitoids, which form the bulk of early Earth´s preserved crust (see Moyen and Martin, 57 

2012 and references therein for a thorough review on the subject). The formation and 58 

stabilization of the earliest continental crust are key aspects of planetary evolution that 59 

can create conditions suitable for the development of complex life. Constraining the origin 60 

of TTGs is, therefore, important for models of early planetary evolution of our planet. 61 

Although the source rocks of TTGs are commonly inferred to be hydrated mafic 62 

rocks (Moyen and Martin, 2012), there are no known examples of melt inclusions in garnet 63 

in such metabasites. TTGs have been proposed to be generated by partial melting of 64 

subducted mafic rocks at very high pressures (HP, >2.5 GPa, Moyen, 2011) or at much 65 

shallower lower crustal conditions (<1.5 GPa) via amphibole-breakdown (Johnson et al., 66 

2013, 2017) or water-fluxed melting (Pourteau et al., 2020). Other models propose that 67 

TTG magmas result from fractional crystallization of intermediate-mafic magmas (Jagoutz 68 
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et al., 2013; Smithies et al., 2019) possibly associated with crystal-liquid unmixing in 69 

shallow magma chambers feeding silicic eruptions (Laurent et al., 2020). The formation 70 

mechanisms of the parental TTG magmas at lower crustal depths have been investigated 71 

via geochemical and petrological characterization of TTG rocks emplaced at shallower 72 

levels (e.g. Moyen and Martin, 2012), forward modelling of putative analogues for source 73 

rocks exposed in Archean terranes (Johnson et al., 2017; Smithies et al., 2019), or using 74 

experiments (e.g. Laurie and Stevens, 2012; Qian and Hermann, 2013) and 75 

thermodynamic modelling (e.g. Kendrick and Yakymchuk, 2020).  76 

Our finding provides a novel tool, i.e., the study of preserved MI in high grade high-77 

grade rocks, for the investigation of melting mechanisms in a natural mafic source region. 78 

More importantly, despite the fact that the target rocks are not Archean in age and TTG 79 

bodies are absent in the area, the similarities between the targeted MI and the TTG 80 

magmas both in terms of composition and genetic process makes of the present case 81 

study the missing link between nature, experiments and modelling results on the model 82 

of TTG petrogenesis via mafic melting. Direct observations from a preserved natural 83 

source region are therefore essential to validate one of the models and thus constrain the 84 

depth of TTG magma production. Our finding provides the missing link between nature 85 

and the results of experiments and modelling, offering the possibility to investigate TTG 86 

formation processes using the powerful tool represented by MI studies in partially melted, 87 

high grade rocks. 88 

 89 

2. Sample description 90 



 

5 
 

The rock investigated in this study is a garnet amphibolite of Mesoproterozoic age 91 

sampled in the pit 1 of the currently inactive mining site of Barton Mine, now Garnet Mine 92 

Tours in the Adirondacks (43°40'56''N, 74°2'51''W, Fig. 1a,b), which is an outlier of the 93 

Grenvillian orogeny (Rivers, 1997). The most apparent feature of the investigated rocks 94 

is the presence of garnet megacrysts. They form large porphyroblasts, subhedral to 95 

euhedral in shape (Fig. 1c), with size visible at the present day in the outcrop of ≤35 cm 96 

in diameter (Kelly and Darling, 2008). Despite their size, the garnet porphyroblasts show 97 

a remarkably homogenous composition with high almandine and pyrope components and 98 

minor grossular (Alm44Prp42Grs14Sps1, Supplementary table S1; for details on analytical 99 

methods and techniques see the Supplementary Material). Almost every garnet is entirely 100 

surrounded by a shell of coarse-grained idiomorphic hornblende, several cm-wide (Fig. 101 

1c). The crystallographic faces of garnet appear generally preserved at the garnet–102 

hornblende interface at the outcrop and hand sample scale. Locally however garnet can 103 

also be surrounded by sub-millimetric-scale symplectitic rims containing fine-grained 104 

hornblende, plagioclase, orthopyroxene and minor biotite, that formed during 105 

retrogression (mineral compositions are in Supplementary table S1; see also Hollocher, 106 

2008). Garnet porphyroblasts and hornblende shells are hosted in a granoblastic matrix 107 

composed mainly of plagioclase and hornblende (the latter identical in major element 108 

compositions to the shell hornblende; Supplementary Table S1), plagioclase and 109 

orthopyroxene (Fig. 1c), with minor biotite and pyrite.  110 

Previous authors generally agree that these amphibolites are the result of high-111 

grade metamorphism during the collapse of the Ottawan orogen at 1050 Ma (e.g. 112 

McLelland and Selleck, 2011). The protolith is an olivine-bearing gabbro exposed 113 
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adjacent to the amphibolites (Fig. 1b) and was originally emplaced at ~1150 Ma as part 114 

of an anorthosite-mangerite-charnockite-granite (AMCG) suite in the basement of the 115 

Adirondacks (Fig. 1a; Rivers, 1997). The extreme grain size of the rock, especially of the 116 

garnet porphyroblasts, coupled with the abundance of amphibole with respect to the 117 

gabbro protolith, has prompted several authors to infer propose the flux of a “copious 118 

amount of fluid” during metamorphism (McLelland and Selleck, 2011). This likely occurred 119 

along a shear zone at the contact between gabbro and syenite (Fig. 1b), inferred to be a 120 

preferential pathway for fluid ingress (Goldblum and Hill, 1992). 121 

 122 

3. Results 123 

3.1 Crystallized melt inclusions  124 

The garnet megacrysts contain a relatively large amount of polycrystalline inclusions 125 

along with crystallographically-oriented rutile needles (Fig. 2a, b). Polycrystalline 126 

inclusions are distributed as clusters in the inner portion of the garnet, which is 127 

unequivocal evidence of trapping entrapment during garnet growth (Ferrero et al., 2018 128 

and references therein); these inclusions are therefore primary in nature. The inclusions 129 

are aggregates of micrometric crystals in cavities of mostly isometric shape with size ≤ 130 

50 µm across, with the smallest inclusions (<15 μm) displaying negative crystal shapes 131 

(i.e. mimicking the shape of the host garnet; Fig. 2b, c, d, e). Many inclusions have 132 

elongated tubular shapes with lengths of ≤150 μm and diameters of ≤10 μm (Fig. 1b), 133 

parallel to rutile needles. Decrepitation cracks (e.g. Ferrero et al., 2016) are generally 134 

absent in the inclusions regardless their shape.  135 
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A combination of Raman spectroscopy and Field Emission Gun (FEG) electron 136 

probe microanalysis (EPMA) has shown that most of the inclusions contain an 137 

assemblage consisting of cristobalite (Fig. 2e, f; already identified by Darling et al., 1997), 138 

quartz or trydimitetridymite, plus kumdykolite (an albite polymorph; Ferrero et al., 2016) 139 

and one or both of the OH-bearing phases anthophyllite and pargasite (Fig. 2c, d, e, f). 140 

Minor amounts of phlogopite and osumilite are also present. Orthopyroxene, apatite, 141 

ilmenite and rutile needles may occur in the MI and are interpreted as trapped accessory 142 

phases, as they are also present as mineral inclusions in the host garnet. The association 143 

of polymorphs of silica and feldspars plus OH-bearing phases is characteristic of 144 

nanogranitoids, i.e., crystallized MI in metamorphic rocks (e.g. Bartoli et al., 2016; Ferrero 145 

et al., 2018). One inclusion contains glass along with pargasite and accessory minerals; 146 

the glass is probably residual after partial crystallization of the melt originally trapped in 147 

the inclusion (Fig. 2f, g; see also glass composition in table 1). Cristobalite is present both 148 

as a crystallization product in the nanogranitoids and in association with rutile or ilmenite 149 

in a second type of polycrystalline inclusions, whose overall composition is incompatible 150 

with a former melt nature and thus will not be investigated further. 151 

  152 

3.2 Experimental re-homogenization and melt chemistry 153 

Multiple re-heating experiments in the temperature (T) range 900–950°C under 154 

confining pressure (P) of 1.0–1.5 GPa were performed using a piston cylinder press to 155 

re-homogenize the crystallized inclusions to glass, following the method devised by 156 

Bartoli et al. (2013; see also methods in Supplementary Material). Experimental 157 

parameters and observations on the products of each run are listed in Fig. 3a. After the 158 
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run at 900°C (experiment GM3), the inclusions show no evidence of re-melting, i.e. glass 159 

is absent. At 925°C (GM5) only the smallest inclusions (<2 µm) appear to be completely 160 

re-homogenized, whereas most inclusions contain glass in association with daughter 161 

phases such as kumdykolite and / or amphibole, and were therefore interpreted as having 162 

only undergone partial re-melting. Complete re-homogenization of the inclusions is 163 

instead common after re-heating at temperature (T) = 940°C (GM7, GM8, GM9), where 164 

nanogranitoids turn into a homogenous hydrous glass (Fig. 3b) often containing trapped 165 

phases such as orthopyroxene (Fig. 3c), cristobalite, rutile and more rarely ilmenite 166 

(details on each analyses are in Table S2Table 1). At 950°C (GM1) the nanogranitoids 167 

are again completely re-homogenized, but cracks are common in the host and locally melt 168 

and garnet interact, which indicates disequilibrium between melt and host (Ferrero et al., 169 

2018) and suggests that 950°C is higher than the original entrapment T of the inclusions 170 

(see discussion). 171 

The fully re-homogenized inclusions from the experiments at 940°C were analyzed 172 

via EPMA on 7 inclusions (Fig., 4a; Supplementary Table S2Table1). The resulting glass, 173 

after alkali-loss correction (see details on the procedure in Supplementary Material), is a 174 

trondhjemite with average SiO2 = 71.89 wt%; Na2O/CaO = 2.54 and K2O /Na2O ≈ 0.20, 175 

low magnesium number (Mg# = [molar Mg/(Mg+Fe2+
tot)] = 0.39) and peraluminous 176 

character [Aluminium Saturation Index (ASI) = Al/(Ca+Na+K) = 1.34] (Table 1). The H2O 177 

content, measured by EMP difference, is around 4.28 wt%.  178 

The trace element content of isometric nanogranitoids located below the surface 179 

was measured via Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-180 

ICP-MS) and the contribution of the host garnet subtracted after the analytical session 181 
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(see methods in Supplementary Material; the whole trace element dataset is visible 182 

Supplementary Table S3S2). Elements enriched in the host (e.g. Y, Heavy Rare Earths 183 

Elements - HREE) with respect to the inclusions are not quantifiable with this method due 184 

to the dominant signal from the host (Ferrero et al., 2018). The polycrystalline inclusions 185 

show strong enrichment in some High Field Strength Elements (HFSE), like Zr, Hf and Ti 186 

compared to the protolith gabbro (Fig. 4b), as well as enrichments of Pb, U, Th, Zn and 187 

Rare Earths elements (REE) from La to Gd (Fig. 4c). Both melt and gabbro show on 188 

average a similar positive Eu anomaly (Fig. 4c). 189 

 190 

3.3 Phase equilibrium modelling 191 

Phase equilibrium modelling was used to constrain independently the pressure-192 

temperature (PT) conditions of partial melting and peak metamorphism, as well as 193 

quantify the concentration of H2O in the system required to generate the observed mineral 194 

assemblage in the garnet amphibolites of Gore Mountain. A key assumption of this 195 

modelling approach is the achievement of chemical equilibrium in the system (Lanari and 196 

Duesterhoeft, 2019); the macroscopic spatial distribution of garnet at the outcrop scale at 197 

Gore Mountain is heterogeneous and the diffusive length scale required to maintain 198 

chemical equilibrium between garnet and its matrix is unclear. Keeping this limitation in 199 

mind, we use phase equilibrium modelling to provide a first-order assessment of the P – 200 

T – composition (X) conditions required for development of the observed mineral 201 

assemblages and this approach independently complements other estimates of peak 202 

metamorphic conditions, such as melt re-homogenization temperatures (this study) and 203 
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trace element thermometry of accessory minerals (Shinevar et al., 20202021). The 204 

detailed modelling methods are presented in the supplementary material. 205 

A temperature–composition (H2O) phase diagram was calculated at 1.0 GPa for the 206 

inferred protolith (olivine gabbro) over a range of H2O concentrations—ranging from 207 

essentially dry to H2O-saturated at the wet solidus—to constrain the stability of the peak 208 

metamorphic assemblage (garnet, hornblende, orthopyroxene, plagioclase and melt). 209 

Orthopyroxene in equilibrium with anatectic melt is predicted to be stable at >800ºC 210 

800°C (Fig. 5a), which is a lower limit on the peak temperature. The absence of quartz 211 

from inferred peak assemblage further restricts temperatures to > 850ºC 850°C (Fig. 5a). 212 

The modelled concentration of H2O in the system during the metamorphic peak (at 1.0 213 

GPa) is restricted to < 4 wt.%wt% by the presence of plagioclase and to > 1 wt.%wt% 214 

H2O by the solidus at 850ºC 850°C (Fig. 5a). An additional constraint on the temperature 215 

and H2O content of the system at peak metamorphism is provided by comparing the 216 

observed proportion of garnet in the garnet amphibolites (~13 vol.%; McLelland and 217 

Selleck, 2011) with the modelled amount (calculated as mol.% in the modelling, which is 218 

roughly equivalent to vol.% on a one-oxide molecular basis). In general, using mineral 219 

proportions is considered preferable to using mineral compositions to constrain peak P–220 

T conditions in high-temperature metamorphic rocks (e.g. White et al., 2011). Using this 221 

approach, a modelled 13 mol.% of garnet in the system is restricted to > 870ºC 870°C 222 

and compositions with ~3 wt.%wt% H2O (Fig. 5a). This indicates that the inferred peak 223 

assemblage requires substantial H2O influx into the system when compared with the 224 

composition of the inferred protolith (~0.44 wt% H2O, McLelland and Selleck, 2011). The 225 

temperatures of > 900ºC 900°C at 1.0 GPa in the model yield the observed proportion of 226 
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garnet (Fig. 5a). Note that the modelled phase assemblage field that contains the 227 

observed amount of garnet is also predicted to contain a minor amount of clinopyroxene 228 

(< 8 mol.% at 1.0 GPa), which is absent from the Gore Mountain garnet amphibolites. 229 

The significance of clinopyroxene to the modelling results is discussed below.  230 

Using the estimated 3 wt.%wt% H2O in the system at the metamorphic peak (Fig. 231 

5a) a pressure–temperature phase diagram was calculated to further constrain the 232 

metamorphic peak (Fig. 5b). The inferred peak metamorphic assemblage for the Gore 233 

Mountain garnet amphibolites is restricted to a small field at 810–890ºC 890°C and 0.9–234 

1.0 GPa. However, the maximum molar proportion of garnet in this field is 7 mol.%, which 235 

is roughly half of the observed amount. To achieve a modeled 13 mol.%, garnet requires 236 

a predicted mineral assemblage with a minor amount of clinopyroxene (Fig. 5b). The 237 

modelled stability of clinopyroxene in anatectic metabasites is usually overestimated by 238 

current phase equilibrium modelling techniques. This reflects a limitation of the modelling 239 

in which the partitioning of Ca (and some other cations) between amphibole and 240 

clinopyroxene does not reproduce natural parageneses accurately (Forshaw et al., 2019). 241 

Therefore, this limitation will influence amphibole-rich rocks such as the Gore Mountain 242 

garnet amphibolites. Considering this model limitation, if we permit a small amount (< 8 243 

mol.%) of model clinopyroxene into the peak assemblage for the investigated rocks, then 244 

the estimated peak P–T conditions are restricted to ~1.0 GPa (based on the 13 mol.% 245 

garnet isopleth) and to temperatures 850–950ºC950°C. Along the 13 mol.% garnet 246 

isopleth (Fig. 5b), the modeled amount of clinopyroxene decreases from ~8 mol.% at 247 

950ºC 950°C to ~2 mol.% at 850ºC 850°C (Supplementary Fig. S1d). Therefore, we 248 

consider temperatures of > 900ºC 900°C permissible by the phase equilibrium modelling, 249 
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with the caveat that the stability of clinopyroxene is a source of uncertainty in modelling 250 

partial melting of amphibole-rich rocks. These modelled temperatures are consistent with 251 

the temperature of MI re-homogenization (900–950°C) and yield a predicted 20–25 mol.% 252 

melt (Supplementary Fig. S1a). 253 

 254 

 255 

4. Discussion 256 

4.1 Silicate melt at Barton mine 257 

Polycrystalline inclusions are present in the garnet megacrysts of Barton mine at 258 

Gore Mountain. Their phase assemblages and successful re-homogenization via 259 

experimental re-heating, coupled with the presence of preserved glass in one inclusion, 260 

demonstrate that such inclusions were originally droplets of melt, now partially to totally 261 

crystallized to nanogranitoids. Due to their overall trondhjemitic composition, such 262 

inclusions will be hence forward called “nanotrondhjemites” in keeping with the common 263 

use in nanogranitoid nomenclature (Ferrero et al., 2016; Bartoli and Cesare, 2020). A 264 

melt origin for the cristobalite-bearing polycrystalline inclusions in the garnet megacrysts 265 

was already proposed by Darling et al. (1997), but no melt compositions were retrieved 266 

to support this hypothesis at the time. More recently, Shinevar et al. (2021) proposed the 267 

production of a limited amount of melt during the formation of garnet megacrysts at Barton 268 

Mine. Moreover, iIn the Adirondack Highlands, nanogranitoids were previously reported 269 

in the metapelitic gneisses of Port Leyden (Darling, 2013). More recently,  pPreliminary 270 

investigations also showed their presence also in garnets from Hooper mine (Ferrero, 271 
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unpublished data), a garnet mine active until 1928 (Darling, pers.comm.), suggesting that 272 

partial melting in the area may be more common than previously thought. 273 

The crystallization products of the Gore Mountain nanotrondhjemites often include 274 

metastable polymorphs such as cristobalite, trydimite and kumdykolite (Ferrero et al., 275 

2016). As such phases are known to revert to their most common counterparts (quartz 276 

and albite) in case of inclusion reopening via decrepitation (Ferrero et al., 2016), their 277 

presence is regarded as a strong evidence that the MI preserve the composition of the 278 

original melt, as already proposed for previous nanogranitoid studies (Bartoli and Cesare, 279 

2020).  280 

Although the finding of glass-bearing nanogranitoids makes is a compelling 281 

evidence for the (former) presence of melt in the garnet megacrysts undisputable, clear 282 

leucosome domains are not conspicuous at the outcrop scale. However lLeucocratic 283 

pockets, several cm across in size, are anyway often visible in pit 1 (Fig. 6a, b). They are 284 

mainly composed of coarse-grained plagioclase ± orthopyroxene, and always closely 285 

associated with the garnet megacrysts. Commonly these pockets are entirely enclosed 286 

within the amphibole shell surrounding the megacrysts, making their formation likely 287 

associated to both garnet and amphibole growth (Fig. 6). Such pockets could either be 288 

breakdown products of garnet with contribution from the amphibole, or represent 289 

crystallized melt. The first possibility can be excluded because the retrograde reaction 290 

between garnet and amphibole in these rocks generates submillimetric symplectites of 291 

plagioclase + orthopyroxene + hornblende + biotite (Hollocher, 2008), very different both 292 

in grain size and assemblage with respect to the leucocratic pockets. This leaves only a 293 

melt-related origin for the leucocratic pockets. Hollocher (2008) ruled out also this 294 
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possibility because their composition is incompatible with a melt, but this argument fails 295 

to consider that leucosome domains in partially melted rocks generally do not preserve a 296 

true melt composition due to interactions with the surrounding mineral phases, fractional 297 

crystallization and melt extraction occurring upon cooling which leaves behind a more 298 

‘cumulate’ material (Brown et al., 2016). Therefore, tThese leucocratic pockets may be 299 

crystallized pods of originally trondhjemitic melt now , modified, a  during the cooling and 300 

the retrograde history of the rock; nevertheless such hypothesis which however requires 301 

further investigation. NeverthelessIf we assume that such leucocratic pods were indeed 302 

originally melt or melt-bearing pockets,  such pockets would they can only account for ≤5 303 

melt vol%, whereas the phase equilibria modelling predicts significantly higher melt 304 

volumes (~20–25 vol.%) to be produced at the metamorphic peak conditions in the garnet 305 

amphibolites (Supplementary Fig. S1). The “missing” melt (15-20 vol%) could have 306 

(re)crystallized as part of the matrix, or alternatively,  or left the source rock , as often 307 

observed in migmatitic terranes (e.g. Brown et al., 2016). However, evidence of significant 308 

movements of melt out of the rock are absent, and indeed both garnet amphibolites and 309 

the protolith gabbro show identical bulk compositions (except for higher H2O in the former, 310 

McLelland and Selleck, 2011), which is overall incompatible with melt loss (see also 311 

Shinevar et al., 2021)..  312 

 313 

4.2 Peculiar findings in nanotrondhjemites 314 

The products visible in the Gore Mountain nanotrondhjemites often include unusual 315 

phases such as cristobalite, trydimitetridymite and kumdykolite and, in one case, glass. 316 

The mineral phases are polymorphs of quartz and feldspar respectively, and were already 317 



 

15 
 

reported in nanogranitoids hosted in rocks with widely different protoliths (from ultramafic 318 

to felsic) and partially melted under extremely variable P and T conditions, i.e., low to 319 

ultrahigh P and 700 to 1100°C (Ferrero and Angel, 2018). These phases appear to be 320 

metastable products of melt crystallization resulting from “peculiar undercooled and 321 

supersaturated conditions achieved on cooling by a melt confined in a small cavity” 322 

(Ferrero and Angel, 2018 and references therein), with crystallization kinetics of the melt 323 

likely playing a fundamental role in their formation rather than P and T conditions. 324 

Polymorphs are known to disappear, i.e. revert to their most common counterparts quartz 325 

and albite in case of inclusion reopening/decrepitation (Ferrero and Angel, 2018). Thus, 326 

their persistence in inclusions can be regarded as a strong evidence that the MI are 327 

preserved and thus the melt trapped in them maintain its original composition (Bartoli and 328 

Cesare, 2020).  329 

Glass, visible in the present study only in one partially crystallized inclusion, is 330 

commonly observed to form in volcanic rocks as result of fast cooling: however, fully and 331 

partially crystallized MI are reported in several case studies of slowly cooled regional 332 

migmatites (Cesare et al., 2015; Ferrero et al., 2018), ruling out this possibility as the only 333 

way to create glass in natural inclusions. The presence of glass can thus be regarded as 334 

another clear evidence, besides the presence of polymorphs, that metastability may be a 335 

rather common condition attained on cooling (Ferrero and Angel, 2018) in inclusions of 336 

viscous, silica-rich melt such as the ones here investigated. 337 

 338 

4.23 Melting at temperature in excess of 900°C in the Adirondack Highlands 339 
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An unexpected outcome of our study is the fact that tThe nanotrondhjemites re-340 

homogenize completely at T ≥ 940°C and P ≥ 1.0 GPa, at T higher than any the classic 341 

estimate of metamorphic peak T available in the Adirondack Highlands, i.e., 800-850°C 342 

and 0.65-0.86 GPa (summarized by Darling and Peck, 2016). Previous studies (Ferrero 343 

et al., 2018; 2021) have shown that the PT conditions at which the inclusions re-344 

homogenize completely without evidence of decrepitation and/or melt-host interaction 345 

correspond to those of the partial melting event responsible for the formation of the 346 

inclusions (Ferrero et al., 2018 for further details). In particular, the re-homogenization T 347 

corresponds to the melting condition experienced by the rock, whereas the experimental 348 

confining P (applied to prevent MI decrepitation during re-heating) is equal to or higher 349 

with respect to the original melting P (Ferrero et al., 2018). This is also supported by a 350 

wealth of recent nanogranitoid studies where experimental P–T conditions of successful 351 

re-homogenization correspond to independently calculated partial melting conditions, e.g. 352 

classic geothermobarometry or phase equilibrium modelling (see e.g. Bartoli et al., 2013; 353 

Ferrero et al., 2018 and references therein; 2021). Thus, whereas the primary nature of 354 

the inclusions constrains the formation of garnet megacrysts at suprasolidus conditions, 355 

their re-homogenization conditions suggestssuggest ultrahigh temperature (UHT) during 356 

melting, i.e. at T in excess of 900°C. An UHT regime during garnet formation is also 357 

permissible with the results of phase equilibrium modelling (Fig. 5a, b). Phase equilibrium 358 

modelling and the similarities with previous nanogranitoid studies (Cesare et al., 2015) 359 

furthermore suggests that both melt and garnet are products of the same partial melting 360 

reaction, pointing toward a peritectic origin for the garnet megacrysts. 361 
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Although our results are at odds with the bulk of existing data on the metamorphic 362 

history of the area, we are not alone in supporting the possibility of UHT conditions in the 363 

Adirondack Highlands. Shinevar et al. (20210) provide strong mineralogical and phase 364 

equilibria evidence in support of ultrahigh T conditions (950±40°C) in samples from pit 4 365 

at Barton mine, whereas recent phase equilibrium modelling on Ledge Mountain 366 

metapelitic migmatites (30 km NNW of Barton Mine) points toward metamorphic peak 367 

conditions of > 1000°C at 1.3-1.8 GPa (Davis et al., 2020). These new results call for a 368 

reappraisal of the metamorphic peak conditions experienced by the Gore Mountain garnet 369 

amphibolites and, more in general, by the rocks in the Adirondack Highlands. Further 370 

support to our interpretation that melting occurred at T > 900°C is lent by the striking 371 

similarity between what we observe in the garnet amphibolites at Barton mine and the 372 

products of mafic melting experiments. A trondhjemitic melt is indeed observed to form at 373 

T > 900°C at 1.3-1.5 GPa along with garnet, amphibole, plagioclase, clinopyroxene and 374 

orthopyroxene in melting experiments on starting compositions similar to the gabbro 375 

protolith inferred for the garnet amphibolites (Qian and Hermann, 2013; see also van der 376 

Laan and Wyllie, 1992). With the exception of clinopyroxene (probably also due to the 377 

slightly higher P of used in those experimental works), the experimental products 378 

correspond remarkably to the phase assemblage Grt + Hbl + Pl + Opx + Melt observed 379 

in the garnet amphibolite. 380 

 381 

4.34 H2O-fluxed incongruent melting in the lower crust 382 

Incongruent melting that generates garnet in crustal rocks is generally expected to 383 

be a fluid-absent melting reaction. At Gore Mountain however the presence of a H2O-rich 384 
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fluid is necessary to explain both melt production and the extensive hornblende growth 385 

(Fig. 1c) from metamorphism of a dry gabbro; moreover, garnet amphibolites have higher 386 

H2O content with respect to their gabbro protolith (see paragraph 4.1). . Garnet 387 

amphibolites and the protolith gabbro show identical bulk compositions, except for higher 388 

H2O in the former (McLelland and Selleck, 2011). Phase equilibrium modelling of the 389 

metagabbro at 1.0 GPa demonstrates that the growth of the observed ~13 vol.% peritectic 390 

garnet requires the influx of ~3 wt% H2O at temperatures > 850°C (Fig. 5a, b). Thus, both 391 

modelling results and petrographic evidence point to open-system conditions during 392 

melting. Our interpretation is that the main components of gabbro (plagioclase, 393 

clinopyroxene, olivine) reacted with a H2O-rich fluid to produce the assemblage visible in 394 

the garnet amphibolite (i.e., garnet, amphibole, plagioclase, orthopyroxene and melt), 395 

which also corresponds to the (near?) peak metamorphic assemblage visible in Fig. 5. 396 

Both presence of MI in the inner portion of garnet megacrysts and the lack of prograde 397 

zoning (Hollocher, 2008) support garnet growth entirely at (or close to) metamorphic peak 398 

conditions, i.e., at > 900°C and ~1.0 GPa.  399 

The trace element content of the melt resembles that of the gabbro, confirming the 400 

latter as the melt source. The most notable geochemical feature of the melt is the strong 401 

enrichment in Th, U and some High Field Strength Elements (HFSE), like Zr, Hf and Ti 402 

compared to the source gabbro (Fig. 4b). At high T and lower crustal conditions, 403 

especially in presence of Na and Si (Wilke et al., 2012; Mysen, 2015 and references 404 

therein), HFSE, U and Th can be transported in H2O-rich fluids and subsequently 405 

transferred into the melt (Borghini et al., 2020). The melt shows a high concentration of 406 

Zr (1400 ppm average), twice the expected amount (~690 ppm) based on zircon solubility 407 
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(Boehnke et al., 2013) at the corresponding temperature and inferred major-element melt 408 

composition. Inclusions of zircon (typical host of Zr and Hf) are very rare in Gore Mountain 409 

MI, and zircon-bearing inclusions were carefully avoided during analyses. This suggests 410 

that both Zr and Hf enrichments are features of the melt itself, likely related to the increase 411 

in HFSE solubility in the presence of a free fluid (Bartels et al., 2010). Nb and Ta should 412 

be equally transported in the kind of fluid discussed here, but they are yet not as enriched 413 

as Zr-Hf-Th-U in the melt inclusions. This could be due to the growth of ilmenite (and 414 

possibly even rutile), observed as mineral inclusions in garnet, during metamorphism and 415 

melting and likely to contain a sizable amount of Nb and Ta.  416 

In presence of an infiltrating fluid, the melt would be furthermore expected to be 417 

enriched in Large Ion Lithophile Elements (LILEs), incompatible components generally 418 

partitioned in fluids (Cannaó and Malaspina, 2018). However, in our case study LILE and 419 

HFSE appear to be decoupled, i.e., the melt shows no particular enrichment in Cs, Rb, 420 

Ba and Sr relative to the host gabbro (Fig. 4b). This may suggest a LILE-poor source, 421 

e.g. possibly related to the mantle rather than to the crust. Finally, also the H2O-rich nature 422 

of the fluid itself is unexpected in the lower portion of an orogen undergoing collapse at 423 

the time of garnet megacrysts formation (1050 Ma; see McLelland and Selleck, 2011). 424 

The enigma represented by the fluid origin requires further studies, currently underway 425 

and involving stable isotopes investigation (Ferrero et al., in preparation).  426 

 427 

Although the presence of a free fluid during melting of the mafic lower crust (at P ≥ 428 

1.0 GPa) was not regarded as a common situation (Moyen and Martin, 2012), this has 429 

been recently proposed to explain the origin of arc granitoids and the continental crust in 430 
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general (Collins et al., 2020; Pourteau et al., 2020). In the case of Gore Mountain, 431 

Goldblum and Hill (1992) suggested that the high ductility contrast between the original 432 

gabbro and the surrounding metasyenites caused the formation of a shear zone (Fig. 1b), 433 

which acted as preferential pathway for the ingress of fluid at depth.  434 

In summary, we propose that the olivine gabbro, prior to fluid infiltration, resided in 435 

the lower part of the orogen at T in excess of 900°C without undergoing melting because 436 

of its very dry composition (0.44 wt% H2O, McLelland and Selleck, 2011) and elevated 437 

solidus temperature, e.g. > 1000°C for this H2O content (dashed line in Fig. 5a). The 438 

infiltration of a H2O-rich fluid decreased significantly the solidus of the gabbro 439 

assemblage, allowing its mineral components to undergo melting, as a response to the 440 

change in H2O content in the system. This may have taken place either at the same PT 441 

conditions present before melting or during an increase of both P and T, as recently 442 

proposed by Shinevar et al. (20210). 443 

 444 

4.45 Nanotrondhjemites, experimental melts and natural TTGs 445 

The trondhjemitic melt enclosed in the nanogranitoids of Gore Mountain is hydrous, 446 

peraluminous and with very low maficity (Table 1). The high ASI of the melt preserved at 447 

Gore Mountain cannot be ascribed to interaction with the host garnet, as evidence of 448 

chemical interaction, either chemical zoning in the garnet surrounding the re-449 

homogenized inclusions or embayments in the inclusion walls (see section paragraph 450 

4.2), are completely absent in the analyzed inclusions. The peraluminous character is 451 

consistent with the presence of osumilite as minor daughter phase in the inclusions: this 452 

phase is a rare alumina-rich, double-ring silicate found both in igneous and metamorphic 453 
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UHT rocks (Kelsey, 2008). An oddity is however the presence of amphibole as daughter 454 

mineral in the inclusions: these phases are indeed more common in metaluminous rather 455 

than peraluminous melts (Bonin et al., 2020 and references therein), and this remains an 456 

enigmatic aspect of these nanotrondhjemites.  457 

Nanogranitoids are natural capsules where melt is trapped immediately after 458 

production and then preserved (Cesare et al., 2015), making them directly comparable to 459 

melts from mafic melting experiments in presence of H2O (Fig. 77a, b). The re-460 

homogenized inclusions plot in the granitic field of the total alkali versus silica (TAS) 461 

diagram (Fig. 7a), near the most silica-rich experimental melts (e.g., Laurie and Stevens, 462 

2012). The inclusions show a range of Na2O values consistent with the experimental 463 

dataset on mafic melting, whereas both CaoO (Fig. 7b) and Al2O3 (Fig. 7c) are generally 464 

lower than the majority of the experimental melts, in agreement with the trondhjemitic 465 

nature of the inclusions (see also the Ab-Or-An ternary diagram, Fig. 7d). In general, the 466 

The trapped meltmelt appears to be lower in alkalis than most experimental melts even 467 

after alkali-correction, a feature likely to contribute to the high ASI displayed by these 468 

melts (Fig. 78ca), despite the generally low Al content of the inclusions (as visible in Figs. 469 

7d8b; 7c). The latter figureMoreover, also shows how the investigated nanotrondhjemites 470 

appear to represent the low-calcium, low-alumina “end-member” of the positive trend 471 

defined by the cloud of experimental melts (Fig. 87db). The observed chemical 472 

differences could be explained by slightly different starting compositions. The Gore 473 

Mountain gabbro has a peculiar composition and is notably more mafic and showing 474 

higher Al/Ca ratio than all the starting materials from mafic melting experiments compiled 475 

here (1.13 vs. 0.63-1.01; all values are reported in Supplementary Table S4). In fact, as 476 
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part of an anorthosite suite (McLelland and Selleck, 2011), it somewhat differs in 477 

composition from expected sources for TTGs that are rather tholeiitic to transitional 478 

basalts / amphibolites (Moyen and Martin, 2012).  Despite these differences, the range of 479 

ASI values found in the nanotrondhjemites is fully comparable to the experimental melts 480 

(Fig. 87ca), indicating that the Al2O3, CaO, Na2O and K2O balance is consistent with 481 

phase relations characterizing the melting of mafic rocks. 482 

When compared to natural TTGs, the Gore Mountain MI display higher ASI and 483 

similar AI (AI= (molar Al-(Na+K); Fig. 7e8c) and both lower Ca and Al (Fig. 7f8d). A 484 

discrepancy is however not unexpected: as mentioned above, the source composition of 485 

the Gore Mountain MI might not be a perfect match to that of TTG magmas. In addition, 486 

these nanogranitoids contain a pristine melt trapped directly at the source region, making 487 

them necessarily different from TTG plutons/complexes, whose compositional diversity 488 

results from processes occurring in the source, during magma ascent and during 489 

emplacement. Mixing of melts from different sources and entrainment of residual or 490 

peritectic material is also recognized to increase the compositional scatter of crustal melts 491 

with respect to their starting composition measured in nanogranitoids from more felsic 492 

rocks (Bartoli et al, 2016). Moreover, magma differentiation (Smithies et al., 2019) and 493 

crystal-liquid separation during emplacement in the upper crust (Laurent et al., 2020) 494 

were recently proposed to be influential factors in shaping TTG geochemistry. In 495 

particular, the rocks composing some upper crustal TTG plutons (diorites, tonalites, 496 

trondhjemites) may represent plagioclase ± amphibole cumulates instead of true liquid 497 

compositions (Laurent et al., 2020). In fact, the Ca vs. Al compositional variability of 498 

natural TTGs is well encompassed by considering mixing in various proportions between 499 
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a liquid similar to the Gore Mountain inclusions and these two minerals (Fig. 7f8d). This 500 

model also explains the lower Si, mafic elements and higher Na concentrations of natural 501 

trondhjemites (presumably plagioclase cumulates) than the Gore Mountain 502 

nanotrondhjemites (inferred primary liquids). In this perspective, the Gore Mountain MI 503 

are “embryos” (Bartoli et al., 2014) of TTGs, in the same way that nanogranitoids in silica-504 

rich crustal rocks are embryos of S-type granites (Bartoli et al., 2016). 505 

 506 

4.65 Implications for TTG petrogenesis 507 

Although the composition of the Gore Mountain and natural TTGs may not be directly 508 

comparable in details, both bear a typical geochemical signature resulting from melting 509 

of K-poor mafic rocks, i.e., their silica-rich, trondhjemitic signature. Therefore, both can 510 

be discussed together to better constrain such melting processes, relevant to the 511 

generation of the Earth’s earliest continental crust. In studies based on natural samples, 512 

this signature is interpreted to result from melting at P ≥ 2.0 GPa in equilibrium with garnet 513 

and rutile, defining the so-called “High-Pressure” TTG (HP-TTG) group (Moyen, 2011). 514 

Thermodynamic modelling on Archean mafic rocks have recently shown that HP-TTGs 515 

may form at 900-950°C and lower P, i.e. 1.3-1.8 GPa (Kendrick and Yakymchuk, 2020) 516 

and down to 1.2 GPa (Johnson et al., 2017). Our finding shows that it is possible to form 517 

trondhjemitic melts with broadly comparable major elements signatures with HP-TTGs at 518 

similar T (≥ 925°C) and P conditions (1.0 GPa), directly from melting of lower crustal mafic 519 

rocks. Moreover, the Gore Mountain garnet amphibolite displays all the mineralogical 520 

hallmarks characteristic of residues of “low-pressure” (LP-) TTGs (i.e. formed at < 1.2 521 

GPa, Moyen, 2011): amphibole and plagioclase are abundant, and orthopyroxene is 522 
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present instead of clinopyroxene. This apparent discrepancy between melt and residual 523 

compositions may result from a significantly different melting process than generally 524 

assumed. Although the source system is dominated by LP assemblages, the liquid itself 525 

is in equilibrium with a solid assemblage containing phases more characteristic of much 526 

deeper melting, i.e. garnet and rutile. This reflects the incongruent melting of mafic rocks, 527 

with garnet and rutile production as melting initiates, whereas this has been regarded so 528 

far in TTG petrogenesis as a mainly eutectic process, with garnet and other components 529 

of the residue being already present before the initiation of melting, and then in excess 530 

during melting (Moyen and Martin, 2012). However, the absence of relicts of sub-solidus 531 

portions in the garnet megacrysts, i.e., a clear prograde zoning, despite its pluri-532 

decimetric size supports the evidence that these porphyroblasts started growing only at 533 

the onset of the melting, similarly to what was observed in experiments on mafic rocks 534 

(Beard and Lofgren, 1991) and other systems (Patiño Douce and Harris, 1998).  535 

Conversely, the trace element concentrations of Gore Mountain MI show contrasting 536 

LP-like and HP-like features. Sr and LREE contents are fully compatible with LP-TTGs 537 

(Fig. 94a), whereas Nb and Ta are very low, as typically ascribed to HP-TTGs (Fig. 94b, 538 

c) due to the presence of rutile and ilmenite as well as amphibole (for Nb) in the residue. 539 

Thermodynamic calculations on Archean basalts (Johnson et al., 2017) have shown that 540 

TTGs with garnet + rutile residue may indeed form at P as low as 1.2 GPa, typical of LP-541 

TTGs, thus supporting the idea that LP melts from mafic melting can share features with 542 

HP-TTGs. This requires a careful re-evaluation of the existent databases, insofar as some 543 

TTGs currently classified as HP-TTGs based on Nb and Ta contents should be instead 544 

classified as LP-TTGs. 545 



 

25 
 

 546 

5. Conclusions 547 

The garnet megacrysts of Barton mine at Gore Mountain have been attracting the 548 

attention of expert scientific audience and general public alike since their discovery in the 549 

1850’s (Kelly and Darling, 2008) because of their unparalleled size. This feature swayed 550 

the attention of most of the scientific community toward the macroscale features of these 551 

crystals, at the expenses of high resolutionhigh-resolution studies in the garnet interiors 552 

(with the remarkable exception of Shinevar et al. 2021). Our work shows how novel 553 

insights into geological processes with both local and worldwide relevance can be gained 554 

from the study of the microstructural features of such remarkable rocks. Our petrographic, 555 

experimental and modelling results prove for the first time how that these garnets are 556 

peritectic and preserve micrometric droplets of trondhjemitic melt. Such melt results from 557 

the H2O-fluxed melting of a gabbro in the lower crust during ultrahigh temperature 558 

metamorphism, a condition only recently recognized in the Adirondack Highlands 559 

(Shinevar et al., 2021) and still controversial (W. Shinevar, pers.comm.). Further studies 560 

are needed to relate our solid microstructural and microchemical constraints to the 561 

geodynamic evolution of the area during the late Mesoproterozoic. 562 

The compositional similarity between the trondhjemitic MI and TTGs provides us 563 

with the possibility to directly investigate the composition of the trondhjemitic melt, the 564 

phases coexistent with it as well as its mafic source rock, generated under well-565 

constrained conditions. Our work shows how H2O-fluxed partial melting of mafic crust 566 

creates TTG-like melts with "HP-like" major elements and hybrid traces, i.e., "LP-like" in 567 

Sr and Ce contents and, “HP-like” in Nb and Ta. Previously thought to be smoking guns 568 
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of different melting P (at crustal versus mantle depths), such contrasting features within 569 

a single melt inclusion demonstrates that trace element signatures of TTGs are not 570 

diagnostic of depth of melting and geodynamic setting (see also Smithies et al., 2019). 571 

This result is complementary to recent findings that crystal-liquid segregation in TTG 572 

plutons can result in similar discrepancies (Laurent et al., 2020), pointing out that both 573 

source processes (melting reaction, H2O activity) and magma chamber dynamics exert a 574 

first-order control on TTG geochemistry, instead of melting pressure. Our finding provides 575 

support to also strengthens the idea of a two-stage mechanism of TTG production (Moyen 576 

and Martin, 2012), i.e., mantle melting to produce basalt/gabbro, followed by melting of 577 

basalt/gabbro at lower crustal conditions to produce the TTG parental magma. This does 578 

not invalidate however other TTG production models, i.e.  a one-stage mechanism 579 

whereby TTGs are produced by direct fractional crystallization of hydrous basalts 580 

(Jagoutz et al., 2013), which remain a valid explanation for occurrences where TTG 581 

granitoids are associated with magmatic cumulates in the lower crust, rather than a one-582 

stage mechanism whereby TTGs are produced by direct fractional crystallization of 583 

hydrous basalts (Jagoutz et al., 2013). 584 

In conclusion, these TTG embryos are the firsta direct natural evidence that melting 585 

of mafic rocks generates TTG-like melts, in agreement with previous research (e.g., 586 

Jonhson et al., 2012; Porteau et al., 2020), and that such melts can be found in the source 587 

region as MI. It is arguable that the production of TTG-like melts at Gore Mountain is the 588 

result of a peculiar set of circumstance of local significance, i.e., local H2O-rich fluid 589 

infiltration at depth. Nevertheless, H2O-fluxed melting of lower crustal mafic rocks is 590 

increasingly recognized as a fundamental process for the production of TTGs, thus 591 
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lending to our findings a clear and undoubtable relevance for the advancement of our 592 

understanding of TTG petrogenesis. 593 
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Captions 794 

 795 

Fig. 1. a) Simplified geological setting (modified after McLelland and Selleck, 2011) of the 796 

Adirondacks (NY state, US) showing the rock types of interest. MCG= mangerite-797 

charnockite-granite suite. Red Black dot= location of Gore Mountain, with general 798 

geologic setting in the inset on the right. White box= location of Barton Mine. (b) Detailed 799 

geological map of the open pit of Barton Mine. The inclusion-bearing garnets investigated 800 

in this study are from the garnet amphibolites; the garnet hornblendites present along with 801 

the amphibolites have smaller garnets hosted in a matrix of pluri-cm hornblende, and 802 
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were not investigated in the present study. The location of the shear zone is based on 803 

Goldblum and Hill (1992). (c) Garnet (Grt) megacryst surrounded by hornblende (Hbl) in 804 

a matrix of Hbl and plagioclase (Pl) and minor orthopyroxene, not visible in the figure. 805 

Coin diameter= 2.5 cm.  806 
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 807 

Fig. 2. Crystallized and partially crystallized melt inclusions in Gore Mountain megacrysts. 808 

(a) Inclusion-bearing, doubly-polished chips of garnet megacrysts. Dashed circle= 809 

location of fig. (b). (b) close up of the garnet chip with enlargements of isometric and 810 
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tubular inclusions. Rt= rutile needles. (c), (d) and (e) back scattered electron (BSE) 811 

images of the inclusions. Ath=anthophyllite, Kml=kumdykolite, Crs= Cristobalite; Qtz= 812 

quartz, Ap=apatite, Ilm=ilmenite, Prg=pargasite, Phl=phlogopite and Hem=hematite. In 813 

(d) and (e) kumdykolite and quartz/cristobalite show a typically igneous micrographic 814 

texture. (f) MicroRaman spectra of the crystalline phases in inclusions as well as glass. 815 

(g) Partially crystallized inclusion with MicroRaman spectrum of the glass visible in (f).  816 
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 817 

 818 

Fig. 3. Experimental re-homogenization of the inclusions. (a) Table reporting the 819 

parameters used in the re-homogenization experiments at the piston cylinder press, with 820 

relevant microstructural observations. In gray we report the two experiments where the 821 

inclusions were analyzed to obtain the composition of the original melt (Table 1). (b) 822 

Raman spectrum of the glass inside a fully re-homogenized nanogranitoid, visible in figure 823 

(c), next to an orthopyroxene interpreted as already coexisting with the melt during garnet 824 

growth and inclusion formation (see text for details). 825 
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 826 

Experiment GM7 GM7 GM9 GM9 GM9 GM9 GM9

   No. 28 25 32-32 33 24 31 22-23 Average St.Dev
Residual 

Glass

Trapped 

phases
None Opx Opx Opx Opx Opx+Crs+I

lm
Opx

   SiO2 69.70 71.79 75.81 73.79 72.04 72.30 67.79 71.89 2.06 77.58

   TiO2  0.06 0.64 0.34 0.22 0.34 0.38 0.33 0.33 0.19 0.01

   Al2O3 12.93 11.36 11.46 13.43 12.52 13.57 12.82 12.58 0.95 12.92

   FeO 3.54 4.47 2.43 4.84 3.51 2.59 2.91 3.47 0.97 0.80

   MnO 0.04 0.00 0.07 0.12 0.07 0.01 0.01 0.05 0.04 0.00

   MgO 1.72 2.54 0.50 1.62 1.70 1.00 0.72 1.40 0.70 0.06

   CaO 1.80 1.38 0.92 1.78 1.72 1.52 1.55 1.52 0.34 0.07

   Na2O 3.02 2.21 3.49 4.22 3.86 5.55 3.86 3.74 1.14 4.53

   K2O   1.34 0.44 0.31 0.25 0.38 0.20 1.81 0.67 0.43 3.25

   P2O5 0.02 0.20 0.07 0.00 0.00 0.10 0.03 0.06 0.08 0.02

   Cl 0.00 0.00 0.03 0.02 0.00 0.00 0.26 0.05 0.01 0.00

  Total 94.18 95.02 95.43 100.29 96.12 97.22 92.09 95.77 2.17 99.25

Q 38 48 50 38 39 33 32 40 7 38
C 3 5 4 3 3 2 2 3 1 2

Or 8 3 2 1 2 1 11 4 4 19
Ab 26 19 29 36 33 47 33 32 9 38
An 9 6 4 9 9 7 7 7 2 0
Hy 11 13 5 13 10 7 7 9 3 2

Mg# 0.46 0.50 0.26 0.37 0.46 0.41 0.30 0.39 0.09 0.11

ASI 1.33 1.72 1.48 1.29 1.27 1.12 1.15 1.34 0.21 1.16

AI 0.064 0.071 0.053 0.061 0.057 0.041 0.044 0.06 0.01 0.02

Na2O/CaO 0.44 0.20 0.09 0.06 0.10 0.04 0.47 0.20 0.17 0.72

Al/Na+K 2.01 2.77 1.89 1.86 1.85 1.45 1.54 1.91 0.43 1.18

K2O/Na2O 1.68 1.60 3.78 2.37 2.25 3.65 2.48 2.54 0.87 68.0

maficity 0.09 0.13 0.05 0.11 0.09 0.06 0.06 0.08 0.03 0.01

H2O by diff 5.82 4.99 4.60 -0.27 3.88 2.79 8.17 4.28 2.62 0.75

K# 0.23 0.12 0.06 0.04 0.06 0.02 0.24 0.11 0.09 0.32
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 827 

Table 1. Microchemical analyses of MI and residual glassGlass compositions. The MI 828 

compositions were measured after experimental re-homogenization via EMP analyses. 829 

See “methods” for the alkali correction procedure. AI= Alkalinity Index (AI=molar Al-830 

(Na+K)); Mmaficity = total FeO and MgO contents expressed as atomic Fe + Mg; 831 

potassium number (K#) = [molar K2O/ (K2O + Na2O)]. Crs= cristobalite; Opx= 832 

Orthopyroxene. The complete dataset is visible in Table S2. 833 

  834 

(n=7) Average St.Dev
Residual 

Glass

   SiO2 71.89 2.61 77.58

   TiO2  0.33 0.17 0.01

   Al2O3 12.58 0.88 12.92

   FeO 3.47 0.92 0.80

   MnO 0.05 0.04 0.00

   MgO 1.40 0.70 0.06

   CaO 1.52 0.31 0.07

   Na2O 3.74 1.04 4.53

   K2O   0.67 0.63 3.25

   P2O5 0.06 0.07 0.02

   Cl 0.05 0.10 0.00
  Total 95.77 2.56 7.80

Q 40 7 38
C 3 1 2

Or 4 4 19
Ab 32 9 38
An 7 2 0
Hy 9 3 2

Mg# 0.39 0.09 0.11

ASI 1.34 0.21 1.16
AI 0.06 0.01 0.02

K/N 0.20 0.17 0.72
A/NK 1.91 0.43 1.18

N/C 2.54 0.87 68.0
maficity 0.08 0.03 0.01

H2O by diff 4.28 2.62 0.75

K# 0.11 0.09 0.32
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 835 

Fig. 4: Chemistry of the melt in inclusions. (a) Re-homogenized inclusion composition 836 

versus gabbro protolith (from McLelland and Selleck, 2011) and mineral phase 837 

composition in the garnet amphibolite. (b) Primitive mantle (PM)-normalized pattern of MI 838 

trace elements (Table S23) versus source rock and sodic TTGs average. (c) Chrondrite-839 

normalized REE patterns of MI. Y and Heavy REE (HREE) contents of the MI are not 840 

available due to limitations of the deconvolution (see Methods and text). The dataset does 841 

not include MI with trapped phases such as rutile, ilmenite, zircon and apatite. Sodic TTGs 842 

composition is from Moyen and Martin (2012). For details on “fluid-related enrichments” 843 

see section 4.4. 844 

  845 
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 846 

Fig. 5: Results of phase equilibrium modelling: (a) T - wt% H2O diagram at 1.0 GPa, and 847 

(b) P-T diagram with 3wt% H2O, also indicated in (a). Orange box = T range at which the 848 

inclusions can be successfully re-homogenized, 925-940°C. Yellow star = PT conditions 849 

of garnet megacrysts formation as result of melting, also corresponding to melt 850 

entrapment.  851 
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 852 

Fig. 6: Possible outcrop evidence for the former presence of melt. White arrows = 853 

leucocratic pockets. (a) Freshly cut surface (August 2018) located in pit 3 (. (b) Loose 854 

boulder in the lower part of pit 1.  855 

  856 
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 858 

Fig. 7.: Comparison between chemical features of MI from this study and melts from 859 

experimental studies involving a mafic protolith re-melted in presence of H2O. The entire 860 

dataset used in the figures is visible in Supplementary file Table S3. (a) TAS diagram, (b) 861 

Na2O vs CaO plot, (c) SiO2 vs Al2O3 plot Molar K-Ca-Na and (b) anorthite-orthoclase-862 

albite (An-Or-Ab) diagrams and (d) Ab-Or-An ternary diagramshowing the compositions 863 

of re-homogenized inclusions, residual glass and melts from different experimental 864 

studies involving a mafic protolith re-melted in presence of H2O. . Tdj = trondhjemite, Ton 865 

= tonalite, Grd = granodiorite and Grn = granite.  866 

  867 



 

49 
 

 868 

Fig. 8: (c) and (e) ASI vs Alkalinity Index diagrams (a, c) and . (d) and (f) Molar Al vs molar 869 

Ca diagrams (b, d) of Gore Mountain MI and residual glass, experimental melts and 870 

natural TTGs.. Colors for experimental melts are defined in legend Fig. 7. Enrichment 871 

vectors are visible in (df) pointing toward garnet (composition of megacrysts in 872 

Supplementary Table S1) and plagioclase and amphibole from Laurent et al. (2020). 873 
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 874 

Fig. 89: Nanotrondhjemites versus TTGs. Variation diagrams of (a) Ce vs Sr, (b) Ta vs 875 

Nb and (c) Nb vs Sr. Data on LP-, MP- and HP-TTGs from Moyen (2011). 876 
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garnets on the planet. We show here that they are also host to the first primary inclusions 23 

of trondhjemitic melt found in natural mafic rocks. The petrological and experimental 24 

investigation of the inclusions, coupled with phase equilibrium modelling, shows that this 25 

melt is the result of H2O-fluxed partial melting at T >900°C of a lower crustal gabbro. The 26 

compositional similarity between the trondhjemitic melt inclusions and tonalitic–27 

trondhjemitic–granodioritic (TTGs) melts makes these inclusions a direct natural evidence 28 

that melting of mafic rocks generates TTG-like melts, and provide us with the possibility 29 

to clarify processes responsible for the formation of the early continental crust. These 30 

TTG embryos represent the trondhjemitic end-member of the melts whose emplacement 31 

at upper crustal levels, after being modified by mixing and crystallization-related 32 

processes, leads to the formation of the TTG terranes. Moreover, our study shows how 33 

the melt from H2O-fluxed melting of mafic lower crust has mismatched major and trace 34 

element signatures, previously interpreted as evidence of melting at very different 35 

pressures. This poses serious limitations to the established use of some chemical 36 

features to identify the geodynamic settings (e.g. subduction versus thickened crust) 37 

responsible for TTG generation and the growth of early crust.  38 

 39 

1. Introduction 40 

The garnet megacrysts of Barton mine, Gore Mountain (Adirondack Highlands, 41 

USA) are world-renowned both among petrologists and collectors for their exceptional 42 

size - 1 m crystals are recorded historically, making them some of the largest known 43 

garnets on the planet, and for their industrial use as abrasive material, with mining having 44 

occurred continuously from 1878 to 1983 (Kelly and Darling, 2008). These specimens 45 
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also display another crucial feature: the presence of silicate melt preserved as crystallized 46 

and glass-bearing inclusions of primary nature. Garnet is one of the most common and 47 

widely stable peritectic phases in metamorphic crustal rocks (Baxter et al., 2013), and it 48 

has been proven to be able to trap and preserve the melt resulting from crustal melting in 49 

more than 40 localities worldwide (Nicoli and Ferrero, 2021; Ferrero et al., 2018). 50 

Although melt inclusions (MI) are being increasingly recognized as a common feature of 51 

high-grade terranes (Bartoli and Cesare, 2020), the Gore Mountain inclusions are unique 52 

because they contain trondhjemitic melt inclusions in a mafic source rock, a feature never 53 

reported in previous studies on MI in metamorphic rocks.  54 

Partial melting of a mafic sources has been invoked for the formation of the tonalite, 55 

trondhjemite and granodiorite (TTG) rocks, suites of sodium-rich, potassium-poor 56 

granitoids, which form the bulk of early Earth´s preserved crust (see Moyen and Martin, 57 

2012 and references therein for a thorough review on the subject). The formation and 58 

stabilization of the earliest continental crust are key aspects of planetary evolution that 59 

can create conditions suitable for the development of complex life. Constraining the origin 60 

of TTGs is, therefore, important for models of early evolution of our planet. 61 

Although the source rocks of TTGs are commonly inferred to be hydrated mafic 62 

rocks (Moyen and Martin, 2012), there are no known examples of melt inclusions in garnet 63 

in such metabasites. TTGs have been proposed to be generated by partial melting of 64 

subducted mafic rocks at very high pressures (HP, >2.5 GPa, Moyen, 2011) or at much 65 

shallower lower crustal conditions (<1.5 GPa) via amphibole-breakdown (Johnson et al., 66 

2013, 2017) or water-fluxed melting (Pourteau et al., 2020). Other models propose that 67 

TTG magmas result from fractional crystallization of intermediate-mafic magmas (Jagoutz 68 
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et al., 2013; Smithies et al., 2019) possibly associated with crystal-liquid unmixing in 69 

shallow magma chambers feeding silicic eruptions (Laurent et al., 2020). The formation 70 

mechanisms of the parental TTG magmas at lower crustal depths have been investigated 71 

via geochemical and petrological characterization of TTG rocks emplaced at shallower 72 

levels (e.g. Moyen and Martin, 2012), forward modelling of putative analogues for source 73 

rocks exposed in Archean terranes (Johnson et al., 2017; Smithies et al., 2019), or using 74 

experiments (e.g. Laurie and Stevens, 2012; Qian and Hermann, 2013) and 75 

thermodynamic modelling (e.g. Kendrick and Yakymchuk, 2020).  76 

Our finding provides a novel tool, i.e., the study of preserved MI in high-grade rocks, 77 

for the investigation of melting mechanisms in a natural mafic source region. More 78 

importantly, despite the fact that the target rocks are not Archean in age and TTG bodies 79 

are absent in the area, the similarities between the targeted MI and the TTG magmas 80 

both in terms of composition and genetic process makes of the present case study the 81 

missing link between nature, experiments and modelling results on the model of TTG 82 

petrogenesis via mafic melting.  83 

 84 

2. Sample description 85 

The rock investigated in this study is a garnet amphibolite of Mesoproterozoic age 86 

sampled in the pit 1 of the currently inactive mining site of Barton Mine, now Garnet Mine 87 

Tours in the Adirondacks (43°40'56''N, 74°2'51''W, Fig. 1a,b), which is an outlier of the 88 

Grenvillian orogeny (Rivers, 1997). The most apparent feature of the investigated rocks 89 

is the presence of garnet megacrysts. They form large porphyroblasts, subhedral to 90 

euhedral in shape (Fig. 1c), with size visible at the present day in the outcrop of ≤35 cm 91 
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in diameter (Kelly and Darling, 2008). Despite their size, the garnet porphyroblasts show 92 

a remarkably homogenous composition with high almandine and pyrope components and 93 

minor grossular (Alm44Prp42Grs14Sps1, Supplementary table S1; for details on analytical 94 

methods and techniques see the Supplementary Material). Almost every garnet is entirely 95 

surrounded by a shell of coarse-grained idiomorphic hornblende, several cm-wide (Fig. 96 

1c). The crystallographic faces of garnet appear generally preserved at the garnet–97 

hornblende interface at the outcrop and hand sample scale. Locally however garnet can 98 

also be surrounded by sub-millimetric symplectitic rims containing fine-grained 99 

hornblende, plagioclase, orthopyroxene and minor biotite, that formed during 100 

retrogression (mineral compositions are in Supplementary table S1; see also Hollocher, 101 

2008). Garnet porphyroblasts and hornblende shells are hosted in a granoblastic matrix 102 

composed mainly of plagioclase and hornblende (the latter identical in major element 103 

compositions to the shell hornblende; Supplementary Table S1), plagioclase and 104 

orthopyroxene (Fig. 1c), with minor biotite and pyrite.  105 

Previous authors generally agree that these amphibolites are the result of high-106 

grade metamorphism during the collapse of the Ottawan orogen at 1050 Ma (e.g. 107 

McLelland and Selleck, 2011). The protolith is an olivine-bearing gabbro exposed 108 

adjacent to the amphibolites (Fig. 1b) and was originally emplaced at ~1150 Ma as part 109 

of an anorthosite-mangerite-charnockite-granite (AMCG) suite in the basement of the 110 

Adirondacks (Fig. 1a; Rivers, 1997). The extreme grain size of the rock, especially of the 111 

garnet porphyroblasts, coupled with the abundance of amphibole with respect to the 112 

gabbro protolith, has prompted several authors to propose the flux of a “copious amount 113 

of fluid” during metamorphism (McLelland and Selleck, 2011). This likely occurred along 114 
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a shear zone at the contact between gabbro and syenite (Fig. 1b), inferred to be a 115 

preferential pathway for fluid ingress (Goldblum and Hill, 1992). 116 

 117 

3. Results 118 

3.1 Crystallized melt inclusions  119 

The garnet megacrysts contain a relatively large amount of polycrystalline inclusions 120 

along with crystallographically-oriented rutile needles (Fig. 2a, b). Polycrystalline 121 

inclusions are distributed as clusters in the inner portion of the garnet, which is 122 

unequivocal evidence of entrapment during garnet growth (Ferrero et al., 2018 and 123 

references therein); these inclusions are therefore primary in nature. The inclusions are 124 

aggregates of micrometric crystals in cavities of mostly isometric shape with size ≤ 50 µm 125 

across, with the smallest inclusions (<15 μm) displaying negative crystal shapes (i.e. 126 

mimicking the shape of the host garnet; Fig. 2b, c, d, e). Many inclusions have elongated 127 

tubular shapes with lengths of ≤150 μm and diameters of ≤10 μm (Fig. 1b), parallel to 128 

rutile needles. Decrepitation cracks are generally absent in the inclusions regardless their 129 

shape.  130 

A combination of Raman spectroscopy and Field Emission Gun (FEG) electron 131 

probe microanalysis (EPMA) has shown that most of the inclusions contain an 132 

assemblage consisting of cristobalite (Fig. 2e, f; already identified by Darling et al., 1997), 133 

quartz or tridymite, plus kumdykolite (an albite polymorph; Ferrero et al., 2016) and one 134 

or both of the OH-bearing phases anthophyllite and pargasite (Fig. 2c, d, e, f). Minor 135 

amounts of phlogopite and osumilite are also present. Orthopyroxene, apatite, ilmenite 136 

and rutile needles may occur in the MI and are interpreted as trapped accessory phases, 137 
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as they are also present as mineral inclusions in the host garnet. The association of 138 

polymorphs of silica and feldspars plus OH-bearing phases is characteristic of 139 

nanogranitoids, i.e., crystallized MI in metamorphic rocks (e.g. Bartoli et al., 2016; Ferrero 140 

et al., 2018). One inclusion contains glass along with pargasite and accessory minerals; 141 

the glass is probably residual after partial crystallization of the melt originally trapped in 142 

the inclusion (Fig. 2f, g; see also glass composition in table 1). Cristobalite is present both 143 

as a crystallization product in the nanogranitoids and in association with rutile or ilmenite 144 

in a second type of polycrystalline inclusions, whose overall composition is incompatible 145 

with a former melt nature and thus will not be investigated further. 146 

  147 

3.2 Experimental re-homogenization and melt chemistry 148 

Multiple re-heating experiments in the temperature (T) range 900–950°C under 149 

confining pressure (P) of 1.0–1.5 GPa were performed using a piston cylinder press to 150 

re-homogenize the crystallized inclusions to glass, following the method devised by 151 

Bartoli et al. (2013; see also Supplementary Material). Experimental parameters and 152 

observations on the products of each run are listed in Fig. 3a. After the run at 900°C 153 

(experiment GM3), the inclusions show no evidence of re-melting, i.e. glass is absent. At 154 

925°C (GM5) only the smallest inclusions (<2 µm) appear to be completely re-155 

homogenized, whereas most inclusions contain glass in association with daughter phases 156 

such as kumdykolite and / or amphibole, and were therefore interpreted as having only 157 

undergone partial re-melting. Complete re-homogenization of the inclusions is instead 158 

common after re-heating at temperature (T) = 940°C (GM7, GM8, GM9), where 159 

nanogranitoids turn into a homogenous hydrous glass (Fig. 3b) often containing trapped 160 
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phases such as orthopyroxene (Fig. 3c), cristobalite, rutile and more rarely ilmenite (Table 161 

1). At 950°C (GM1) the nanogranitoids are again completely re-homogenized, but cracks 162 

are common in the host and locally melt and garnet interact, which indicates 163 

disequilibrium between melt and host (Ferrero et al., 2018) and suggests that 950°C is 164 

higher than the original entrapment T of the inclusions (see discussion). 165 

The fully re-homogenized inclusions from the experiments at 940°C were analyzed 166 

via EPMA on 7 inclusions (Fig., 4a; Table1). The resulting glass, after alkali-loss 167 

correction (see details on the procedure in Supplementary Material), is a trondhjemite 168 

with average SiO2 = 71.89 wt%; Na2O/CaO = 2.54 and K2O/Na2O ≈ 0.20, low magnesium 169 

number (Mg# = [molar Mg/(Mg+Fe2+
tot)] = 0.39) and peraluminous character [Aluminium 170 

Saturation Index (ASI) = Al/(Ca+Na+K) = 1.34]. The H2O content, measured by EMP 171 

difference, is around 4.28 wt%.  172 

The trace element content of isometric nanogranitoids located below the surface 173 

was measured via Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-174 

ICP-MS) and the contribution of the host garnet subtracted after the analytical session 175 

(see methods in Supplementary Material; the whole trace element dataset is visible Table 176 

S2). Elements enriched in the host (e.g. Y, Heavy Rare Earths Elements - HREE) with 177 

respect to the inclusions are not quantifiable with this method due to the dominant signal 178 

from the host (Ferrero et al., 2018). The polycrystalline inclusions show strong enrichment 179 

in some High Field Strength Elements (HFSE), like Zr, Hf and Ti compared to the protolith 180 

gabbro (Fig. 4b), as well as enrichments of Pb, U, Th, Zn and Rare Earths elements (REE) 181 

from La to Gd (Fig. 4c). Both melt and gabbro show on average a similar positive Eu 182 

anomaly (Fig. 4c). 183 



 

9 
 

 184 

3.3 Phase equilibrium modelling 185 

Phase equilibrium modelling was used to constrain independently the pressure-186 

temperature (PT) conditions of partial melting and peak metamorphism, as well as 187 

quantify the concentration of H2O in the system required to generate the observed mineral 188 

assemblage in the garnet amphibolites of Gore Mountain. A key assumption of this 189 

modelling approach is the achievement of chemical equilibrium in the system (Lanari and 190 

Duesterhoeft, 2019); the macroscopic spatial distribution of garnet at the outcrop scale at 191 

Gore Mountain is heterogeneous and the diffusive length scale required to maintain 192 

chemical equilibrium between garnet and its matrix is unclear. Keeping this limitation in 193 

mind, we use phase equilibrium modelling to provide a first-order assessment of the P – 194 

T – composition (X) conditions required for development of the observed mineral 195 

assemblages and this approach independently complements other estimates of peak 196 

metamorphic conditions, such as melt re-homogenization temperatures (this study) and 197 

trace element thermometry of accessory minerals (Shinevar et al., 2021). The detailed 198 

modelling methods are presented in the supplementary material. 199 

A temperature–composition (H2O) phase diagram was calculated at 1.0 GPa for the 200 

inferred protolith (olivine gabbro) over a range of H2O concentrations—ranging from 201 

essentially dry to H2O-saturated at the wet solidus—to constrain the stability of the peak 202 

metamorphic assemblage (garnet, hornblende, orthopyroxene, plagioclase and melt). 203 

Orthopyroxene in equilibrium with anatectic melt is predicted to be stable at >800°C (Fig. 204 

5a), which is a lower limit on the peak temperature. The absence of quartz from inferred 205 

peak assemblage further restricts temperatures to >850°C (Fig. 5a). The modelled 206 
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concentration of H2O in the system during the metamorphic peak (at 1.0 GPa) is restricted 207 

to <4 wt% by the presence of plagioclase and to >1 wt% H2O by the solidus at 850°C 208 

(Fig. 5a). An additional constraint on the temperature and H2O content of the system at 209 

peak metamorphism is provided by comparing the observed proportion of garnet in the 210 

garnet amphibolites (~13 vol.%; McLelland and Selleck, 2011) with the modelled amount 211 

(calculated as mol.% in the modelling, which is roughly equivalent to vol.% on a one-oxide 212 

molecular basis). In general, using mineral proportions is considered preferable to using 213 

mineral compositions to constrain peak P–T conditions in high-temperature metamorphic 214 

rocks (e.g. White et al., 2011). Using this approach, a modelled 13 mol.% of garnet in the 215 

system is restricted to >870°C and compositions with ~3 wt% H2O (Fig. 5a). This indicates 216 

that the inferred peak assemblage requires substantial H2O influx into the system when 217 

compared with the composition of the inferred protolith (~0.44 wt% H2O, McLelland and 218 

Selleck, 2011). The temperatures of >900°C at 1.0 GPa in the model yield the observed 219 

proportion of garnet (Fig. 5a). Note that the modelled phase assemblage field that 220 

contains the observed amount of garnet is also predicted to contain a minor amount of 221 

clinopyroxene (< 8 mol.% at 1.0 GPa), which is absent from the Gore Mountain garnet 222 

amphibolites. The significance of clinopyroxene to the modelling results is discussed 223 

below.  224 

Using the estimated 3 wt% H2O in the system at the metamorphic peak (Fig. 5a) a 225 

pressure–temperature phase diagram was calculated to further constrain the 226 

metamorphic peak (Fig. 5b). The inferred peak metamorphic assemblage for the Gore 227 

Mountain garnet amphibolites is restricted to a small field at 810–890°C and 0.9–1.0 GPa. 228 

However, the maximum molar proportion of garnet in this field is 7 mol.%, which is roughly 229 
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half of the observed amount. To achieve a modeled 13 mol.%, garnet requires a predicted 230 

mineral assemblage with a minor amount of clinopyroxene (Fig. 5b). The modelled 231 

stability of clinopyroxene in anatectic metabasites is usually overestimated by current 232 

phase equilibrium modelling techniques. This reflects a limitation of the modelling in which 233 

the partitioning of Ca (and some other cations) between amphibole and clinopyroxene 234 

does not reproduce natural parageneses accurately (Forshaw et al., 2019). Therefore, 235 

this limitation will influence amphibole-rich rocks such as the Gore Mountain garnet 236 

amphibolites. Considering this model limitation, if we permit a small amount (< 8 mol.%) 237 

of model clinopyroxene into the peak assemblage for the investigated rocks, then the 238 

estimated peak P–T conditions are restricted to ~1.0 GPa (based on the 13 mol.% garnet 239 

isopleth) and to temperatures 850–950°C. Along the 13 mol.% garnet isopleth (Fig. 5b), 240 

the modeled amount of clinopyroxene decreases from ~8 mol.% at 950°C to ~2 mol.% at 241 

850°C (Supplementary Fig. S1d). Therefore, we consider temperatures of >900°C 242 

permissible by the phase equilibrium modelling, with the caveat that the stability of 243 

clinopyroxene is a source of uncertainty in modelling partial melting of amphibole-rich 244 

rocks. These modelled temperatures are consistent with the temperature of MI re-245 

homogenization (900–950°C) and yield a predicted 20–25 mol.% melt (Supplementary 246 

Fig. S1a). 247 

4. Discussion 248 

4.1 Silicate melt at Barton mine 249 

Polycrystalline inclusions are present in the garnet megacrysts of Barton mine at 250 

Gore Mountain. Their phase assemblages and successful re-homogenization via 251 

experimental re-heating, coupled with the presence of preserved glass in one inclusion, 252 
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demonstrate that such inclusions were originally droplets of melt, now partially to totally 253 

crystallized to nanogranitoids. Due to their overall trondhjemitic composition, such 254 

inclusions will be hence forward called “nanotrondhjemites” in keeping with the common 255 

use in nanogranitoid nomenclature (Bartoli and Cesare, 2020). A melt origin for the 256 

cristobalite-bearing polycrystalline inclusions in the garnet megacrysts was already 257 

proposed by Darling et al. (1997), but no melt compositions were retrieved to support this 258 

hypothesis at the time. More recently, Shinevar et al. (2021) proposed the production of 259 

a limited amount of melt during the formation of garnet megacrysts at Barton Mine. 260 

Moreover, in the Adirondack Highlands nanogranitoids were previously reported in the 261 

metapelitic gneisses of Port Leyden (Darling, 2013). Preliminary investigations also show 262 

their presence also in garnets from Hooper mine (Ferrero, unpublished data), a garnet 263 

mine active until 1928 (Darling, pers.comm.), suggesting that partial melting in the area 264 

may be more common than previously thought. 265 

Although the finding of glass-bearing nanogranitoids is a compelling evidence for 266 

the (former) presence of melt in the garnet megacrysts, clear leucosome domains are not 267 

conspicuous at the outcrop scale. Leucocratic pockets, several cm across in size, are 268 

anyway often visible in pit 1 (Fig. 6a, b). They are mainly composed of coarse-grained 269 

plagioclase ± orthopyroxene, and always closely associated with the garnet megacrysts. 270 

Commonly these pockets are entirely enclosed within the amphibole shell surrounding 271 

the megacrysts, making their formation likely associated to both garnet and amphibole 272 

growth (Fig. 6). Such pockets could either be breakdown products of garnet with 273 

contribution from the amphibole, or represent crystallized melt. The first possibility can be 274 

excluded because the retrograde reaction between garnet and amphibole in these rocks 275 
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generates submillimetric symplectites of plagioclase + orthopyroxene + hornblende + 276 

biotite (Hollocher, 2008), very different both in grain size and assemblage with respect to 277 

the leucocratic pockets. This leaves only a melt-related origin for the leucocratic pockets. 278 

Hollocher (2008) ruled out also this possibility because their composition is incompatible 279 

with a melt, but this argument fails to consider that leucosome domains generally do not 280 

preserve a true melt composition due to interactions with the surrounding mineral phases, 281 

fractional crystallization and melt extraction upon cooling. These pockets may be 282 

crystallized pods of originally trondhjemitic melt now modified, a hypothesis which 283 

however requires further investigation. Regardless, such pockets would only account for 284 

≤5 melt vol%, whereas the phase equilibria modelling predicts significantly higher melt 285 

volumes (~20–25 vol.%) to be produced at the metamorphic peak conditions 286 

(Supplementary Fig. S1). The “missing” melt (15-20 vol%) could have (re)crystallized as 287 

part of the matrix, or alternatively, left the source rock as often observed in migmatitic 288 

terranes (e.g. Brown et al., 2016). However, evidence of significant movements of melt 289 

out of the rock are absent, and indeed both garnet amphibolites and the protolith gabbro 290 

show identical bulk compositions (except for higher H2O in the former, McLelland and 291 

Selleck, 2011), which is overall incompatible with melt loss (see also Shinevar et al., 292 

2021). 293 

 294 

4.2 Peculiar findings in nanotrondhjemites 295 

The products visible in the Gore Mountain nanotrondhjemites often include unusual 296 

phases such as cristobalite, tridymite and kumdykolite and, in one case, glass. The 297 

mineral phases are polymorphs of quartz and feldspar respectively, and were already 298 
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reported in nanogranitoids hosted in rocks with widely different protoliths (from ultramafic 299 

to felsic) and partially melted under extremely variable P and T conditions, i.e., low to 300 

ultrahigh P and 700 to 1100°C (Ferrero and Angel, 2018). These phases appear to be 301 

metastable products of melt crystallization resulting from “peculiar undercooled and 302 

supersaturated conditions achieved on cooling by a melt confined in a small cavity” 303 

(Ferrero and Angel, 2018 and references therein), with crystallization kinetics of the melt 304 

likely playing a fundamental role in their formation rather than P and T conditions. 305 

Polymorphs are known to disappear, i.e. revert to their most common counterparts quartz 306 

and albite in case of inclusion reopening/decrepitation (Ferrero and Angel, 2018). Thus, 307 

their persistence in inclusions can be regarded as a strong evidence that the MI are 308 

preserved and thus the melt trapped in them maintain its original composition (Bartoli and 309 

Cesare, 2020).  310 

Glass, visible in the present study only in one partially crystallized inclusion, is 311 

commonly observed to form in volcanic rocks as result of fast cooling: however, fully and 312 

partially crystallized MI are reported in several case studies of slowly cooled regional 313 

migmatites (Cesare et al., 2015; Ferrero et al., 2018), ruling out this possibility as the only 314 

way to create glass in natural inclusions. The presence of glass can thus be regarded as 315 

another clear evidence, besides the presence of polymorphs, that metastability may be a 316 

rather common condition attained on cooling (Ferrero and Angel, 2018) in inclusions of 317 

viscous, silica-rich melt such as the ones here investigated. 318 

 319 

4.3 Melting at temperature in excess of 900°C in the Adirondack Highlands 320 
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The nanotrondhjemites re-homogenize completely at T ≥ 940°C and P ≥1.0 GPa, at 321 

T higher than the classic estimate of metamorphic peak T available in the Adirondack 322 

Highlands, i.e., 800-850°C and 0.65-0.86 GPa (summarized by Darling and Peck, 2016). 323 

Previous studies (Ferrero et al., 2018; 2021) have shown that the PT conditions at which 324 

the inclusions re-homogenize completely without evidence of decrepitation and/or melt-325 

host interaction correspond to those of the partial melting event responsible for the 326 

formation of the inclusions (Ferrero et al., 2018 for further details). In particular, the re-327 

homogenization T corresponds to the melting condition experienced by the rock, whereas 328 

the experimental confining P (applied to prevent MI decrepitation during re-heating) is 329 

equal to or higher with respect to the original melting P (Ferrero et al., 2018). This is also 330 

supported by a wealth of recent nanogranitoid studies where experimental P–T conditions 331 

of successful re-homogenization correspond to independently calculated partial melting 332 

conditions, e.g. classic geothermobarometry or phase equilibrium modelling (see e.g. 333 

Bartoli et al., 2013; Ferrero et al., 2018 and references therein; 2021). Thus, whereas the 334 

primary nature of the inclusions constrains the formation of garnet megacrysts at 335 

suprasolidus conditions, their re-homogenization conditions suggest ultrahigh 336 

temperature (UHT) during melting, i.e. at T in excess of 900°C. A UHT regime during 337 

garnet formation is also permissible with the results of phase equilibrium modelling (Fig. 338 

5a, b). Phase equilibrium modelling and the similarities with previous nanogranitoid 339 

studies (Cesare et al., 2015) furthermore suggests that both melt and garnet are products 340 

of the same partial melting reaction, pointing toward a peritectic origin for the garnet 341 

megacrysts. 342 
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Although our results are at odds with the bulk of existing data on the metamorphic 343 

history of the area, we are not alone in supporting the possibility of UHT conditions in the 344 

Adirondack Highlands. Shinevar et al. (2021) provide strong mineralogical and phase 345 

equilibria evidence in support of ultrahigh T conditions (950±40°C) at Barton mine, 346 

whereas recent phase equilibrium modelling on Ledge Mountain metapelitic migmatites 347 

(30 km NNW of Barton Mine) points toward metamorphic peak conditions of >1000°C at 348 

1.3-1.8 GPa (Davis et al., 2020). These new results call for a reappraisal of the 349 

metamorphic peak conditions experienced by the Gore Mountain garnet amphibolites 350 

and, more in general, by the rocks in the Adirondack Highlands. Further support to our 351 

interpretation that melting occurred at T >900°C is lent by the striking similarity between 352 

what we observe in the garnet amphibolites at Barton mine and the products of mafic 353 

melting experiments. A trondhjemitic melt is indeed observed to form at T >900°C at 1.3-354 

1.5 GPa along with garnet, amphibole, plagioclase, clinopyroxene and orthopyroxene in 355 

melting experiments on starting compositions similar to the gabbro protolith inferred for 356 

the garnet amphibolites (Qian and Hermann, 2013; see also van der Laan and Wyllie, 357 

1992). With the exception of clinopyroxene (probably also due to the slightly higher P ), 358 

the experimental products correspond remarkably to the phase assemblage Grt + Hbl + 359 

Pl + Opx + Melt observed in the garnet amphibolite. 360 

 361 

4.4 H2O-fluxed incongruent melting in the lower crust 362 

Incongruent melting that generates garnet in crustal rocks is generally expected to 363 

be a fluid-absent melting reaction. At Gore Mountain however the presence of a H2O-rich 364 

fluid is necessary to explain both melt production and the extensive hornblende growth 365 
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(Fig. 1c) from metamorphism of a dry gabbro; moreover, garnet amphibolites have higher 366 

H2O content with respect to their gabbro protolith (see paragraph 4.1).  Phase equilibrium 367 

modelling of the metagabbro at 1.0 GPa demonstrates that the growth of the observed 368 

~13 vol.% peritectic garnet requires the influx of ~3 wt% H2O at temperatures >850°C 369 

(Fig. 5a, b). Thus, both modelling results and petrographic evidence point to open-system 370 

conditions during melting. Our interpretation is that the main components of gabbro 371 

(plagioclase, clinopyroxene, olivine) reacted with a H2O-rich fluid to produce the 372 

assemblage visible in the garnet amphibolite (i.e., garnet, amphibole, plagioclase, 373 

orthopyroxene and melt), which also corresponds to the (near?) peak metamorphic 374 

assemblage visible in Fig. 5. Both presence of MI in the inner portion of garnet megacrysts 375 

and the lack of prograde zoning (Hollocher, 2008) support garnet growth entirely at (or 376 

close to) metamorphic peak conditions, i.e., at >900°C and ~1.0 GPa.  377 

The trace element content of the melt resembles that of the gabbro, confirming the 378 

latter as the melt source. The most notable geochemical feature of the melt is the strong 379 

enrichment in Th, U and some High Field Strength Elements (HFSE), like Zr, Hf and Ti 380 

compared to the source gabbro (Fig. 4b). At high T and lower crustal conditions, 381 

especially in presence of Na and Si (Mysen, 2015 and references therein), HFSE, U and 382 

Th can be transported in H2O-rich fluids and subsequently transferred into the melt 383 

(Borghini et al., 2020). The melt shows a high concentration of Zr (1400 ppm average), 384 

twice the expected amount (~690 ppm) based on zircon solubility (Boehnke et al., 2013) 385 

at the corresponding temperature and inferred major-element melt composition. 386 

Inclusions of zircon (typical host of Zr and Hf) are very rare in Gore Mountain MI, and 387 

zircon-bearing inclusions were carefully avoided during analyses. This suggests that both 388 
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Zr and Hf enrichments are features of the melt itself, likely related to the increase in HFSE 389 

solubility in the presence of a free fluid (Bartels et al., 2010). Nb and Ta should be equally 390 

transported in the kind of fluid discussed here, but they are yet not as enriched as Zr-Hf-391 

Th-U in the melt inclusions. This could be due to the growth of ilmenite (and possibly even 392 

rutile), observed as mineral inclusions in garnet, during metamorphism and melting and 393 

likely to contain a sizable amount of Nb and Ta.  394 

In presence of an infiltrating fluid, the melt would be furthermore expected to be 395 

enriched in Large Ion Lithophile Elements (LILEs), incompatible components generally 396 

partitioned in fluids (Cannaó and Malaspina, 2018). However, in our case study LILE and 397 

HFSE appear to be decoupled, i.e., the melt shows no particular enrichment in Cs, Rb, 398 

Ba and Sr relative to the host gabbro (Fig. 4b). This may suggest a LILE-poor source, 399 

e.g. possibly related to the mantle rather than to the crust. Finally, also the H2O-rich nature 400 

of the fluid itself is unexpected in the lower portion of an orogen undergoing collapse at 401 

the time of garnet megacrysts formation (1050 Ma; see McLelland and Selleck, 2011). 402 

The enigma represented by the fluid origin requires further studies, currently underway 403 

and involving stable isotopes investigation (Ferrero et al., in preparation).  404 

Although the presence of a free fluid during melting of the mafic lower crust (at P ≥ 405 

1.0 GPa) was not regarded as a common situation (Moyen and Martin, 2012), this has 406 

been recently proposed to explain the origin of arc granitoids and the continental crust in 407 

general (Collins et al., 2020; Pourteau et al., 2020). In the case of Gore Mountain, 408 

Goldblum and Hill (1992) suggested that the high ductility contrast between the original 409 

gabbro and the surrounding metasyenites caused the formation of a shear zone (Fig. 1b), 410 

which acted as preferential pathway for the ingress of fluid at depth.  411 
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In summary, we propose that the olivine gabbro, prior to fluid infiltration, resided in 412 

the lower part of the orogen at T in excess of 900°C without undergoing melting because 413 

of its very dry composition (0.44 wt% H2O, McLelland and Selleck, 2011) and elevated 414 

solidus temperature, e.g. >1000°C for this H2O content (dashed line in Fig. 5a). The 415 

infiltration of a H2O-rich fluid decreased significantly the solidus of the gabbro 416 

assemblage, allowing its mineral components to undergo melting, as a response to the 417 

change in H2O content in the system. This may have taken place either at the same PT 418 

conditions present before melting or during an increase of both P and T, as recently 419 

proposed by Shinevar et al. (2021). 420 

 421 

4.5 Nanotrondhjemites, experimental melts and natural TTGs 422 

The trondhjemitic melt enclosed in the nanogranitoids of Gore Mountain is hydrous, 423 

peraluminous and with very low maficity (Table 1). The high ASI of the melt preserved at 424 

Gore Mountain cannot be ascribed to interaction with the host garnet, as evidence of 425 

chemical interaction, either chemical zoning in the garnet surrounding the re-426 

homogenized inclusions or embayments in the inclusion walls (see paragraph 4.2), are 427 

completely absent in the analyzed inclusions. The peraluminous character is consistent 428 

with the presence of osumilite as minor daughter phase in the inclusions: this phase is a 429 

rare alumina-rich, double-ring silicate found both in igneous and metamorphic UHT rocks 430 

(Kelsey, 2008). An oddity is however the presence of amphibole as daughter mineral in 431 

the inclusions: these phases are indeed more common in metaluminous rather than 432 

peraluminous melts (Bonin et al., 2020 and references therein), and this remains an 433 

enigmatic aspect of these nanotrondhjemites.  434 
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Nanogranitoids are natural capsules where melt is trapped immediately after 435 

production and then preserved (Cesare et al., 2015), making them directly comparable to 436 

melts from mafic melting experiments in presence of H2O (Fig. 7). The re-homogenized 437 

inclusions plot in the granitic field of the total alkali versus silica (TAS) diagram (Fig. 7a), 438 

near the most silica-rich experimental melts (e.g., Laurie and Stevens, 2012). The 439 

inclusions show a range of Na2O values consistent with the experimental dataset on mafic 440 

melting, whereas both CaO (Fig. 7b) and Al2O3 (Fig. 7c) are generally lower than the 441 

majority of the experimental melts, in agreement with the trondhjemitic nature of the 442 

inclusions (see also the Ab-Or-An ternary diagram, Fig. 7d). In general, the trapped melt 443 

appears to be lower in alkalis than most experimental melts even after alkali-correction, 444 

a feature likely to contribute to the high ASI displayed by these melts (Fig. 8a), despite 445 

the generally low Al content of the inclusions (Figs. 8b; 7c). Moreover, the investigated 446 

nanotrondhjemites appear to represent the low-calcium, low-alumina “end-member” of 447 

the positive trend defined by the cloud of experimental melts (Fig. 8b). The observed 448 

chemical differences could be explained by slightly different starting compositions. The 449 

Gore Mountain gabbro has a peculiar composition and is notably more mafic and showing 450 

higher Al/Ca ratio than all the starting materials from mafic melting experiments compiled 451 

here (1.13 vs. 0.63-1.01; all values are reported in Supplementary Table S4). In fact, as 452 

part of an anorthosite suite (McLelland and Selleck, 2011), it somewhat differs in 453 

composition from expected sources for TTGs that are rather tholeiitic to transitional 454 

basalts / amphibolites (Moyen and Martin, 2012). Despite these differences, the range of 455 

ASI values found in the nanotrondhjemites is fully comparable to the experimental melts 456 
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(Fig. 8a), indicating that the Al2O3, CaO, Na2O and K2O balance is consistent with phase 457 

relations characterizing the melting of mafic rocks. 458 

When compared to natural TTGs, the Gore Mountain MI display higher ASI and 459 

similar AI (Fig. 8c) and both lower Ca and Al (Fig. 8d). A discrepancy is however not 460 

unexpected: as mentioned above, the source composition of the Gore Mountain MI might 461 

not be a perfect match to that of TTG magmas. In addition, these nanogranitoids contain 462 

a pristine melt trapped directly at the source region, making them necessarily different 463 

from TTG plutons/complexes, whose compositional diversity results from processes 464 

occurring in the source, during magma ascent and during emplacement. Mixing of melts 465 

from different sources and entrainment of residual or peritectic material is also recognized 466 

to increase the compositional scatter of crustal melts with respect to their starting 467 

composition measured in nanogranitoids from more felsic rocks (Bartoli et al, 2016). 468 

Moreover, magma differentiation (Smithies et al., 2019) and crystal-liquid separation 469 

during emplacement in the upper crust (Laurent et al., 2020) were recently proposed to 470 

be influential factors in shaping TTG geochemistry. In particular, the rocks composing 471 

some upper crustal TTG plutons (diorites, tonalites, trondhjemites) may represent 472 

plagioclase ± amphibole cumulates instead of true liquid compositions (Laurent et al., 473 

2020). In fact, the Ca vs. Al compositional variability of natural TTGs is well encompassed 474 

by considering mixing in various proportions between a liquid similar to the Gore Mountain 475 

inclusions and these two minerals (Fig. 8d). This model also explains the lower Si, mafic 476 

elements and higher Na concentrations of natural trondhjemites (presumably plagioclase 477 

cumulates) than the Gore Mountain nanotrondhjemites (inferred primary liquids). In this 478 

perspective, the Gore Mountain MI are “embryos” (Bartoli et al., 2014) of TTGs, in the 479 
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same way that nanogranitoids in silica-rich crustal rocks are embryos of S-type granites 480 

(Bartoli et al., 2016). 481 

 482 

4.6 Implications for TTG petrogenesis 483 

Although the composition of the Gore Mountain and natural TTGs may not be directly 484 

comparable in details, both bear a typical geochemical signature resulting from melting 485 

of K-poor mafic rocks, i.e., their silica-rich, trondhjemitic signature. Therefore, both can 486 

be discussed together to better constrain such melting processes, relevant to the 487 

generation of the Earth’s earliest continental crust. In studies based on natural samples, 488 

this signature is interpreted to result from melting at P ≥2.0 GPa in equilibrium with garnet 489 

and rutile, defining the so-called “High-Pressure” TTG (HP-TTG) group (Moyen, 2011). 490 

Thermodynamic modelling on Archean mafic rocks have recently shown that HP-TTGs 491 

may form at 900-950°C and lower P, i.e. 1.3-1.8 GPa (Kendrick and Yakymchuk, 2020) 492 

and down to 1.2 GPa (Johnson et al., 2017). Our finding shows that it is possible to form 493 

trondhjemitic melts with broadly comparable major elements signatures with HP-TTGs at 494 

similar T (≥ 925°C) and P conditions (1.0 GPa), directly from melting of lower crustal mafic 495 

rocks. Moreover, the Gore Mountain garnet amphibolite displays all the mineralogical 496 

hallmarks characteristic of residues of “low-pressure” (LP-) TTGs (i.e. formed at < 1.2 497 

GPa, Moyen, 2011): amphibole and plagioclase are abundant, and orthopyroxene is 498 

present instead of clinopyroxene. This apparent discrepancy between melt and residual 499 

compositions may result from a significantly different melting process than generally 500 

assumed. Although the source system is dominated by LP assemblages, the liquid itself 501 

is in equilibrium with a solid assemblage containing phases more characteristic of much 502 
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deeper melting, i.e. garnet and rutile. This reflects the incongruent melting of mafic rocks, 503 

with garnet and rutile production as melting initiates, whereas this has been regarded so 504 

far in TTG petrogenesis as a mainly eutectic process, with garnet and other components 505 

of the residue being already present before the initiation of melting, and then in excess 506 

during melting (Moyen and Martin, 2012). However, the absence of relicts of sub-solidus 507 

portions in the garnet megacrysts, i.e., a clear prograde zoning, despite its pluri-508 

decimetric size supports the evidence that these porphyroblasts started growing only at 509 

the onset of the melting, similarly to what was observed in experiments on mafic rocks 510 

(Beard and Lofgren, 1991) and other systems (Patiño Douce and Harris, 1998).  511 

Conversely, the trace element concentrations of Gore Mountain MI show contrasting 512 

LP-like and HP-like features. Sr and LREE contents are fully compatible with LP-TTGs 513 

(Fig. 9a), whereas Nb and Ta are very low, as typically ascribed to HP-TTGs (Fig. 9b, c) 514 

due to the presence of rutile and ilmenite as well as amphibole (for Nb) in the residue. 515 

Thermodynamic calculations on Archean basalts (Johnson et al., 2017) have shown that 516 

TTGs with garnet + rutile residue may indeed form at P as low as 1.2 GPa, typical of LP-517 

TTGs, thus supporting the idea that LP melts from mafic melting can share features with 518 

HP-TTGs. This requires a careful re-evaluation of the existent databases, insofar as some 519 

TTGs currently classified as HP-TTGs based on Nb and Ta contents should be instead 520 

classified as LP-TTGs. 521 

 522 

5. Conclusions 523 

The garnet megacrysts of Barton mine at Gore Mountain have been attracting the 524 

attention of expert scientific audience and general public alike since their discovery in the 525 
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1850’s (Kelly and Darling, 2008) because of their unparalleled size. This feature swayed 526 

the attention of most of the scientific community toward the macroscale features of these 527 

crystals, at the expenses of high-resolution studies in the garnet interiors (with the 528 

remarkable exception of Shinevar et al. 2021). Our work shows how novel insights into 529 

geological processes with both local and worldwide relevance can be gained from the 530 

study of the microstructural features of such rocks. Our petrographic, experimental and 531 

modelling results prove for the first time that these garnets are peritectic and preserve 532 

micrometric droplets of trondhjemitic melt. Such melt results from the H2O-fluxed melting 533 

of a gabbro in the lower crust during ultrahigh temperature metamorphism, a condition 534 

only recently recognized in the Adirondack Highlands (Shinevar et al., 2021) and still 535 

controversial. Further studies are needed to relate our solid microstructural and 536 

microchemical constraints to the geodynamic evolution of the area during the late 537 

Mesoproterozoic. 538 

The compositional similarity between the trondhjemitic MI and TTGs provides us 539 

with the possibility to directly investigate the composition of the trondhjemitic melt, the 540 

phases coexistent with it as well as its mafic source rock, generated under well-541 

constrained conditions. Our work shows how H2O-fluxed partial melting of mafic crust 542 

creates TTG-like melts with "HP-like" major elements and hybrid traces, i.e., "LP-like" in 543 

Sr and Ce contents and “HP-like” in Nb and Ta. Previously thought to be smoking guns 544 

of different melting P (at crustal versus mantle depths), such contrasting features within 545 

a single melt inclusion demonstrates that trace element signatures of TTGs are not 546 

diagnostic of depth of melting and geodynamic setting (see also Smithies et al., 2019). 547 

This result is complementary to recent findings that crystal-liquid segregation in TTG 548 
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plutons can result in similar discrepancies (Laurent et al., 2020), pointing out that both 549 

source processes (melting reaction, H2O activity) and magma chamber dynamics exert a 550 

first-order control on TTG geochemistry, instead of melting pressure. Our finding provides 551 

support to the idea of a two-stage mechanism of TTG production (Moyen and Martin, 552 

2012), i.e., mantle melting to produce basalt/gabbro, followed by melting of basalt/gabbro 553 

at lower crustal conditions to produce the TTG parental magma. This does not invalidate 554 

however other TTG production models, i.e. a one-stage mechanism whereby TTGs are 555 

produced by direct fractional crystallization of hydrous basalts (Jagoutz et al., 2013), 556 

which remain a valid explanation for occurrences where TTG granitoids are associated 557 

with magmatic cumulates in the lower crust. 558 

In conclusion, these TTG embryos are a direct natural evidence that melting of mafic 559 

rocks generates TTG-like melts, in agreement with previous research (e.g., Johnson et 560 

al., 2012; Porteau et al., 2020), and that such melts can be found in the source region as 561 

MI. It is arguable that the production of TTG-like melts at Gore Mountain is the result of a 562 

peculiar set of circumstance of local significance, i.e., local H2O-rich fluid infiltration at 563 

depth. Nevertheless, H2O-fluxed melting of lower crustal mafic rocks is increasingly 564 

recognized as a fundamental process for the production of TTGs, thus lending to our 565 

findings a clear and undoubtable relevance for the advancement of our understanding of 566 

TTG petrogenesis. 567 
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Captions 753 

 754 

Fig. 1. a) Simplified geological setting (modified after McLelland and Selleck, 2011) of the 755 

Adirondacks (NY state, US) showing the rock types of interest. MCG= mangerite-756 

charnockite-granite suite. Black dot= location of Gore Mountain, with general geologic 757 

setting in the inset on the right. White box= location of Barton Mine. (b) Detailed geological 758 

map of the open pit of Barton Mine. The inclusion-bearing garnets investigated in this 759 

study are from the garnet amphibolites; the garnet hornblendites present along with the 760 

amphibolites have smaller garnets hosted in a matrix of pluri-cm hornblende, and were 761 
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not investigated in the present study. The location of the shear zone is based on Goldblum 762 

and Hill (1992). (c) Garnet (Grt) megacryst surrounded by hornblende (Hbl) in a matrix of 763 

Hbl and plagioclase (Pl) and minor orthopyroxene, not visible in the figure. Coin diameter= 764 

2.5 cm.  765 
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 766 

Fig. 2. Crystallized and partially crystallized melt inclusions in Gore Mountain megacrysts. 767 

(a) Inclusion-bearing, doubly-polished chips of garnet megacrysts. Dashed circle= 768 

location of fig. (b). (b) close up of the garnet chip with enlargements of isometric and 769 
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tubular inclusions. Rt= rutile needles. (c), (d) and (e) back scattered electron (BSE) 770 

images of the inclusions. Ath=anthophyllite, Kml=kumdykolite, Crs= Cristobalite; Qtz= 771 

quartz, Ap=apatite, Ilm=ilmenite, Prg=pargasite, Phl=phlogopite and Hem=hematite. In 772 

(d) and (e) kumdykolite and quartz/cristobalite show a typically igneous micrographic 773 

texture. (f) MicroRaman spectra of the crystalline phases in inclusions as well as glass. 774 

(g) Partially crystallized inclusion with MicroRaman spectrum of the glass visible in (f).  775 
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 776 

 777 

Fig. 3. Experimental re-homogenization of the inclusions. (a) Table reporting the 778 

parameters used in the re-homogenization experiments at the piston cylinder press, with 779 

relevant microstructural observations. In gray we report the two experiments where the 780 

inclusions were analyzed to obtain the composition of the original melt (Table 1). (b) 781 

Raman spectrum of the glass inside a fully re-homogenized nanogranitoid, visible in figure 782 

(c), next to an orthopyroxene interpreted as already coexisting with the melt during garnet 783 

growth and inclusion formation (see text for details). 784 
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  785 

Table 1. Microchemical analyses of MI and residual glass. The MI compositions were 786 

measured after experimental re-homogenization via EMP analyses. See “methods” for 787 

the alkali correction procedure. AI= Alkalinity Index (AI=molar Al-(Na+K)); maficity = total 788 

FeO and MgO contents expressed as atomic Fe + Mg; potassium number (K#) = [molar 789 

K2O/ (K2O + Na2O)]. Crs= cristobalite; Opx= Orthopyroxene. 790 

  791 

Experiment GM7 GM7 GM9 GM9 GM9 GM9 GM9

   No. 28 25 32-32 33 24 31 22-23 Average St.Dev
Residual 

Glass

Trapped 

phases
None Opx Opx Opx Opx Opx+Crs+I

lm
Opx

   SiO2 69.70 71.79 75.81 73.79 72.04 72.30 67.79 71.89 2.06 77.58

   TiO2  0.06 0.64 0.34 0.22 0.34 0.38 0.33 0.33 0.19 0.01

   Al2O3 12.93 11.36 11.46 13.43 12.52 13.57 12.82 12.58 0.95 12.92

   FeO 3.54 4.47 2.43 4.84 3.51 2.59 2.91 3.47 0.97 0.80

   MnO 0.04 0.00 0.07 0.12 0.07 0.01 0.01 0.05 0.04 0.00

   MgO 1.72 2.54 0.50 1.62 1.70 1.00 0.72 1.40 0.70 0.06

   CaO 1.80 1.38 0.92 1.78 1.72 1.52 1.55 1.52 0.34 0.07

   Na2O 3.02 2.21 3.49 4.22 3.86 5.55 3.86 3.74 1.14 4.53

   K2O   1.34 0.44 0.31 0.25 0.38 0.20 1.81 0.67 0.43 3.25

   P2O5 0.02 0.20 0.07 0.00 0.00 0.10 0.03 0.06 0.08 0.02

   Cl 0.00 0.00 0.03 0.02 0.00 0.00 0.26 0.05 0.01 0.00

  Total 94.18 95.02 95.43 100.29 96.12 97.22 92.09 95.77 2.17 99.25

Q 38 48 50 38 39 33 32 40 7 38
C 3 5 4 3 3 2 2 3 1 2

Or 8 3 2 1 2 1 11 4 4 19
Ab 26 19 29 36 33 47 33 32 9 38
An 9 6 4 9 9 7 7 7 2 0
Hy 11 13 5 13 10 7 7 9 3 2

Mg# 0.46 0.50 0.26 0.37 0.46 0.41 0.30 0.39 0.09 0.11

ASI 1.33 1.72 1.48 1.29 1.27 1.12 1.15 1.34 0.21 1.16

AI 0.064 0.071 0.053 0.061 0.057 0.041 0.044 0.06 0.01 0.02

Na2O/CaO 0.44 0.20 0.09 0.06 0.10 0.04 0.47 0.20 0.17 0.72

Al/Na+K 2.01 2.77 1.89 1.86 1.85 1.45 1.54 1.91 0.43 1.18

K2O/Na2O 1.68 1.60 3.78 2.37 2.25 3.65 2.48 2.54 0.87 68.0

maficity 0.09 0.13 0.05 0.11 0.09 0.06 0.06 0.08 0.03 0.01

H2O by diff 5.82 4.99 4.60 -0.27 3.88 2.79 8.17 4.28 2.62 0.75

K# 0.23 0.12 0.06 0.04 0.06 0.02 0.24 0.11 0.09 0.32
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 792 

Fig. 4: Chemistry of the melt in inclusions. (a) Re-homogenized inclusion composition 793 

versus gabbro protolith (from McLelland and Selleck, 2011) and mineral phase 794 

composition in the garnet amphibolite. (b) Primitive mantle (PM)-normalized pattern of MI 795 

trace elements (Table S2) versus source rock and sodic TTGs average. (c) Chondrite-796 

normalized REE patterns of MI. Y and Heavy REE (HREE) contents of the MI are not 797 

available due to limitations of the deconvolution (see Methods and text). The dataset does 798 

not include MI with trapped phases such as rutile, ilmenite, zircon and apatite. Sodic TTGs 799 

composition is from Moyen and Martin (2012). For details on “fluid-related enrichments” 800 

see section 4.4. 801 

  802 
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 803 

Fig. 5: Results of phase equilibrium modelling: (a) T - wt% H2O diagram at 1.0 GPa, and 804 

(b) P-T diagram with 3wt% H2O, also indicated in (a). Orange box = T range at which the 805 

inclusions can be successfully re-homogenized, 925-940°C. Yellow star = PT conditions 806 

of garnet megacrysts formation as result of melting, also corresponding to melt 807 

entrapment.  808 
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 809 

Fig. 6: Possible outcrop evidence for the former presence of melt. White arrows = 810 

leucocratic pockets. (a) Freshly cut surface (August 2018) located in pit 3 (. (b) Loose 811 

boulder in the lower part of pit 1.  812 

  813 
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 814 

Fig. 7: Comparison between chemical features of MI from this study and melts from 815 

experimental studies involving a mafic protolith re-melted in presence of H2O. The entire 816 

dataset used in the figures is visible in Supplementary file Table S3. (a) TAS diagram, (b) 817 

Na2O vs CaO plot, (c) SiO2 vs Al2O3 plot and (d) Ab-Or-An ternary diagram. Tdj = 818 

trondhjemite, Ton = tonalite, Grd = granodiorite and Grn = granite. 819 

  820 
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 821 

Fig. 8: ASI vs Alkalinity Index diagrams (a, c) and Molar Al vs molar Ca diagrams (b, d) 822 

of Gore Mountain MI and residual glass, experimental melts and natural TTGs. Colors for 823 

experimental melts are defined in legend Fig. 7. Enrichment vectors are visible in (d) 824 

pointing toward garnet (composition of megacrysts in Supplementary Table S1) and 825 

plagioclase and amphibole from Laurent et al. (2020). 826 
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 827 

Fig. 9: Nanotrondhjemites versus TTGs. Variation diagrams of (a) Ce vs Sr, (b) Ta vs Nb 828 

and (c) Nb vs Sr. Data on LP-, MP- and HP-TTGs from Moyen (2011). 829 
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