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Experimental Constraints on TTG Petrogenesis: Implications for Archean Geodynamics Jean-François Moyen and Gary Stevens Department of Geology, University of Stellenbosch, Stellenbosch, South Africa



Archean TTGs (tonalite–trondhjemite–granodiorite) are sodic granitoids that represent the bulk of the Archean continental crust. They are formed by fluidabsent partial melting of amphibolites. A compilation of the published data on experimental melting of amphibolites allows a mineralogical model for amphibolite melting to be derived for three different starting lithologies. A major and trace element model for melt compositions is produced using the mineralogical model. This model suggests that TTGs formed at P > 15 kbar and T between 900°C and 1100°C, corresponding to low (15°C/km) geothermal gradients that are likely to be attained only in subduction zones. Furthermore, it appears that Nb/Ta, La/Yb, Eu/Eu*, Sr, and HREE contents are intercorrelated in TTGs and are indicators of the pressure of melting. TTGs were generated over a large range of depths, from at least 10 to 25 kbar, and this is reflected in TTG compositions. 1. INTRODUCTION



high-pressure conditions. Despite the obvious implications that melts with a typical TTG signature are likely to arise from melting at substantial depths, few studies have systematically examined the specific pressure constraints that a garnetbearing residua place on depth of TTG melt genesis. This study aims to contribute to a better understanding of the geodynamic implications of TTG predominance in the Archean by using the extensive database that exists on the experimental partial melting of metamafic rocks to better constrain TTG petrogenesis; the scope of this work is therefore limited to investigating the melting processes from an experimental perspective. It should be kept in mind that other processes (such as fractional crystallization or interaction with pre-existing crust) can, and will, affect the composition of real TTG plutons. Nevertheless, we consider that the melting processes will strongly control the composition of the emplaced magmas. If this is so, melt (and pluton) chemistry may allow for strong constraints to be placed on the site of melt genesis (regardless of their subsequent evolution), and through this a better understanding of Archean geodynamic processes.



The TTG (tonalite–trondhjemite–granodiorite) series consists of sodic leuco-granitoids that appear to have formed the dominant granitoid type in the Archean, having been estimated to represent at least two-thirds of the Archean continental crust [Condie, 1981; Jahn et al., 1984; Martin, 1994; Windley, 1995]. However, potential modern equivalents (the adakites) are a very rare rock type, found only in peculiar geodynamic settings that are characterized by hot subduction zones [e.g., Defant and Drummond, 1990; Martin, 1999; Maury et al., 1996]. This suggests that understanding the petrogenesis of TTGs may be a key to understanding Archean geodynamic processes. There is a generally held petrological perspective that the typical sodic and HREE-depleted character of TTG granitoids arises through the partial melting of amphibolitic mafic sources within the garnet stability field, and that garnet remains in the residuum following efficient melt segregation and ascent. There is also a general understanding that garnet stability in high-temperature metamafic rocks is favored by



2. TTG DETAILS



Archean Geodynamics and Environments Geophysical Monograph Series 164 Copyright 2006 by the American Geophysical Union 10.1029/164GM11



Archean TTGs are dominated by plagioclase (typically oligoclase). Quartz is typically the second most abundant 1
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mineral. Ferro-magnesian phases are biotite (nearly always) and hornblende (commonly). Small amounts of K-feldspar are occasionally found. Accessory minerals are typically epidote, allanite, sphene, zircon, magnetite, and ilmenite. In terms of chemistry, TTGs are sodic granitoids, with molecular K/Na ratios below 0.4 and SiO2 content between 65 and 75 wt%. Most are metaluminous [molecular Al/(Ca + Na + K), or A/CNK, < 1.1], with a small minority being slightly peraluminous, with A/CNK up to 1.2. Their Mg# is commonly between 30 and 40. On Na–Ca–K triangles, TTGs plot near the Na apex or along the Na–Ca side; rare suites evolve towards relatively potassic compositions, and some of these probably are “secondary TTGs”, i.e., partial melts of pre-existing tonalitic crust [Jébrak and Harnois, 1991; Johnston and Wyllie, 1988; Van der Laan and Wyllie, 1992; Winther and Newton, 1991]. Apart from their sodic character, the most typical geochemical feature of TTGs is their rare earth elements (REE) patterns; REEs in TTGs are strongly fractionated (average (La/Yb)N ratio is 38.4 [Martin, 1994], but in some cases it is as high as 150), with a marked HREE and Y depletion (YbN = 2.6 on average, but with the 25th percentile at 1.7). A concave HREE pattern is frequently observed. Most TTGs show no Eu anomaly, or a slightly negative one; a small positive Eu anomaly is reported only occasionally, mostly in granulitic terranes [Condie et al., 1985; Rollinson and Windley, 1980; Weaver and Tarney, 1980]. In some cases, especially for older suites, a fairly atypical REE pattern is observed, with a less pronounced Yb depletion and a small negative Eu anomaly. Again, this suggests that TTGs are more complex than a general approach to their petrogenesis may suggest and that several different processes might have been involved in their genesis. On the basis of numerous experimental data (Table 1) and geochemistry [Barker and Arth, 1976; Drummond and Defant, 1990; Martin, 1987, 1994], most workers agree that TTG melts are generated by partial melting of metabasalt (amphibolites) in the garnet stability field. In contrast, the geodynamic setting of Archean TTG petrogenesis remains more controversial. Two main hypotheses persist: (1) TTGs were formed by partial melting of the subducting slab in relatively hot subduction zones; (2) TTGs were formed by partial melting of underplated hydrous basalt at the base of continental crust or overthickened oceanic crust (basaltic plateaus: Albarède [1998]; Rudnick [1995]). These two hypotheses differ in terms of the expected pressure–temperature (P–T) conditions of melting. In a subduction setting, slab melting would occur at 700–900°C and 15–25 kbar or even more, corresponding to geothermal gradients in the range 10–30°C/km; in contrast, melting at the base of thick plateaus would occur at 8–15 kbar and 700–1000°C, implying geothermal gradients reaching 30–50°C/km.



In recent years, numerous experimental studies (Table 1) have documented the partial melting of amphibolites. The published literature has been compiled for the present study, from which has been extracted information on the modal composition of experimental charges and major element compositions of the melts over a large range of P–T conditions and starting materials. This has allowed for the generation of generalized models of melt composition, both for major elements (from the published compositions) and trace elements (recalculated from modal compositions and partition coefficients) of the experimental melts, for different starting compositions and throughout the P–T space over which anatexis occurs in these rocks; comparison of the results of this modeling with TTG compositions allows additional constraints to be formulated on the locus and conditions of TTG magmas genesis and on the geodynamic context of TTG genesis. 3. REVIEW OF EXPERIMENTAL STUDIES A substantial body of data exists on the experimental genesis of TTG-type liquids from a variety of sources. The early works (in the ‘70s) [Allen and Boettcher, 1975; Allen and Boettcher, 1978; Allen and Boettcher, 1983; Green, 1982; Green and Ringwood, 1968; Lambert and Wyllie, 1972] focused mostly on the determination of phase diagrams. Subsequent experimental work generally included more information on the nature of the starting materials and the products. These studies are the source of data for the present investigation and are summarized in Tables 1 and 2. 3.1. Starting Materials The starting materials used in the experiments are of broadly basaltic composition (Table 2), ranging from basalts to basaltic andesites (Figure 1) and generally belonging to the tholeitic series, or being close to the calc-alkali/tholeitic boundary. Nevertheless, there are fairly significant differences between the different materials used, in terms of modal proportions of minerals, bulk rock chemistry and mineral chemistry: 3.1.1. Modal composition. Most of the starting materials were amphibolites, except that Skjerlie and Patiño-Douce [2002] used an eclogitic composition. Both synthetic [PatiñoDouce and Beard, 1995] and natural materials (other studies) have been used; in general, the starting materials were mineralogically simple. All the amphibolites have consisted of amphibole and plagioclase, with amphibole/plagioclase ratios that vary from 0.18 to > 4 (Table 2). Quartz was present in several starting materials (Table 2) but commonly occurs just in trace amounts; it can, however, represent up to 24%.
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MOYEN AND STEVENS Table 1. List of Experimental Works on Partial Melting of Amphibolites. In each case, the reference is indicated together with the code by which this work will be referred to in the subsequent figures; starting material is stated. The number of experiments is given, together with the P–T and fluid-saturation conditions of these (see text for discussion of the four cases). Not listed in this table are works with no melt compositions published: Green [1982] (Grn), Lambert and Wyllie [1972] (LW72), and Liu et al. [1996] (L&al) give only phase diagrams; Schmidt and Poli [1998] (SP98) discuss the subsolidus stability field of hydrous minerals; Wyllie and Wolf [1993] discuss the “S-shaped” solidus (see text); and Vielzeuf and Schmidt [2001] discuss the solidus position as a function of water saturation and the role of hydrous minerals. Nb Reference Code Starting material P-T range Water saturation? experiments Rapp et al., 1991 ; Rapp and Watson, 1995 "



RWM91, RW95 "



"



"



"



"



Rushmer,1991



Rus91



No 1 (Josephine Ophiolite)



5+13



8-32 kb, 1000-1150°C



fluid absent (b)



No 2 (low-K amphibolite) No 3 (migmatitic amphibolite, "Barker's") No 4 (greenstone amphibolite)



9+16



"



fluid absent (b)



8+14



"



fluid absent (b)



7+11



"



fluid absent (b)



ABA (alkali basalt)



2



fluid absent (b)



"



"



IAT (island arc tholeite)



1



8 kb, 950-1000°C 8 kb, 950°C



"



"



MMA (mechanically mixed amphibolite)



1



8 kb, 975°C



fluid absent (b)



Winther and Newton, 1991; Winther, 1996



WN91



Synthetic Archean tholeite



9



5-20 kbar, 800-1000°C



fluid absent (b), fluid present (c) and water saturated (d). Only (d) melts are published.



Sen and Dunn, 1994



SD94



Amphibolite, British Columbia



13



15 and 20 kbar, 850-1150°C



fluid absent (b)



Wolf and wyllie, 1994



WW94



Amphibolite, Sierra Nevada



15



10 kbar, 750-1000°C



fluid absent (b)



Zamora, 2000



Zam00



Ophiolite Bahia Barrientes



53



7-30 kbar, 975-1150°C



fluid present (c)



Beard and Lofgren, 1991



BL91



557 (low-K, calcalkaline andesite)



8



1, 3, and 6.9 kbar, 800-1000°C



8



"



water saturated (d)



"



"



"



"



"



"



fluid absent (b)



probably fluid absent (b



9



"



probably fluid absent (b



"



555 (very low-K andesite) "



10



"



water saturated (d)



"



"



478 (low-K andesite)



11



"



probably fluid absent (b



" " "



" " "



" 466 (low-K basalt) "



11 7 6



" " "



water saturated (d) probably fluid absent (b water saturated (d)



"



"



571 (low-K andesite)



8



"



probably fluid absent (b



"



"



"



10



"



water saturated (d)



3
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EXPERIMENTAL CONSTRAINTS ON TTG GENESIS Table 1. Continued Code



Starting material



Springer and Seck, 1997 "



SS97



"



"



Skjerlie and PatiñoDouce, 1995 Skjerlie and PatiñoDouce, 2002 Lopez and Castro, 2001 Patiño-Douce and Beard, 1995



SPD95



S6 (granulitic metabasalt) S35 (granulitic metabasalt) S37 (granulitic metagabbro) AGS11.1 (N. Idaho amphibolite) Verpenesset eclogite (Norway) Acebuches amphibolite (Spain) SQA (Synthetic quartz-amphibolite) AmX12-a (Barberton amphibolite)



Yearron, 2003



Q1



Q1



Nb experiments



Reference



"



SPD02 LC01 PDB95 Y03



P-T range



Water saturation? water saturated (d)



2



5-15 kbar; 700-1200°C "



4



"



3



10 kbar, 900-950°C 10-32 kbar, 900-1150°C 4-14 kbar, 725-950°C 3-15 kbar, 840-1000°C 16 kbar, 875-1000°C



3



19 7 20 3



fluid absent (b) water saturated (d) fluid absent (b) fluid present (c) fluid absent (b) fluid absent (b) fluid absent (b)



Other minerals (such as chlorite, greenschist facies amphiboles, or epidote) have occasionally been present in the starting material, but mostly only as traces, probably not common enough to play a significant role. Finally, Ti-oxydes [oxides?](ilmenite) and/or sphene is present in most of the natural rocks used as starting materials, suggesting that the compositions were commonly buffered by a Ti-rich phase and that the hornblendes were consequently Ti-saturated.



These modal bulk chemical and mineral chemical parameters are, of course, not independent. In general, the starting materials define a large compositional range, from compositions intermediate to tholeitic and komatiitic basalts—which are quartz- and plagioclase-poor, alkali-poor, and relatively magnesian and contain a Mg-, Ti-, and Al(T)-rich hornblende —to arc tholeites to andesitic basalts, which conversely are quartz- and plagioclase-rich, less magnesian, and richer in alkalis and are made up of an iron-rich, Ti-poor siliceous hornblende.



3.1.2. Bulk compositions used. SiO2 values range from ca. 47% to ca. 60% (average, 51%). K2O values range from 0.1% to 1.8% (generally below 1%); Na2O values are between 1% and 4.3%. Total alkali values are between 1.1 and 5.2 wt%. There is no correlation between K2O and SiO2 values; Na2O and the total alkali content are loosely positively correlated with SiO2. TiO2 values are between 0.4 and 2 and are correlated with neither SiO2 nor the modal compositions of the starting materials. Finally, Mg# values are between 38 and 71. These values are not correlated with SiO2 but are negatively correlated with total alkali content.



3.2. Water Saturation



3.1.3. Mineral chemistry. The plagioclase compositions are not cited in all cases but appear to vary between An30 and An50.[An = ?] In contrast, the amphibole mineral chemistry used does show some important variations, in terms of T-site occupancy, Mg# of the hornblende, and Ti per formula unit (p.f.u.) (Table 2). These three parameters are not independent; the more Mg-rich hornblendes are also more Si-poor, and Ti-rich.



Vielzeuf and Schmidt [2001] described in detail how water saturation affects the solidus and the melting reactions of metabasalts. Several cases can be considered: (a) H2O-free melting: There is absolutely no water in the system, not even as constitutive water in hydrous minerals. In this case, only dry melting would be possible, a situation outside of the scope of the present study. (b) Fluid-absent melting: All the water in the system is accommodated in hydrous minerals that are stable at least to the conditions of the relevant solidus (hornblende in all cases examined here). According to Zamora [2000], this implies a water content of less than ca. 1.8 wt% water for rocks of this type (effectively the maximum water content of hornblende). In this case, melting will occur through typically fluid-absent incongruent partial melting reactions involving hornblende breakdown. This is the most common mode of melting in the studies examined here (Table 1). One hundred ninety-two experiments in our dataset belong to this group.



57 43.4 48.6 52.7 32 40 51.5 13 0 46 19.6 30



26 36.2 34.7 37.2 23.5 7 7.5 54 0 49 53.9 70



2 no no 12.3 12.3 7.9 7.9 11.7 11.7 8.3 8.3 2.6 2.6 no no no 16 4 no 24.5 no



SD94 WW94 Zam00 BL91 " " " " " " " " " SS97 " " SPD95 SPD02 LC01 PDB95 Y03



20 33 ca. 45 47.5



yes (amount unspecified)



WN91



76 67 ca. 45 29.3



8 17 10



45.97 46.92 48.79 54.60 49.66 49.14 60.40 52.52



51.39



49.48



52.47



55.11



46.88 48.40 52.20 57.02



49.10



14.81 14.37 17.13 13.70 19.97 16.00 11.30 10.57



15.82



17.76



15.29



14.94



15.00 14.60 15.05 15.39



14.80



16.37 16.31



14.18



15.30



17.03



16.62



Al2O3



11.29 13.82 8.03 12.20 5.83 10.94 7.90 10.91



12.23



12.49



11.79



11.28



13.09 9.33 7.92 8.01



15.78



9.18 8.70



13.77



10.70



10.69



11.32



Fe2O3



0.26 0.20 0.14 0.17 same 0.21 same 0.22 same 0.26 same 0.26 same 0.21 0.17 0.22 0.20 0.11 0.22 0.20 0.22



0.20



0.18 0.11



0.19



0.19



0.21



0.23



10.99



12.60



9.66



5.49



8.11 7.32 10.86 5.30 8.15 7.17 6.70 10.83



4.42



4.74



5.29



4.01



8.25 10.70 6.13 5.52



6.50



13.16 12.14 11.66 10.00 12.72 10.70 7.60 10.81



8.95



10.90



9.21



6.07



11.28 14.30 7.70 9.20



11.40



7.45 10.81 7.51 8.90 unspecified



6.86



8.40



6.07



6.59



0.10 0.17 0.05 1.10 2.57 3.29 1.90 1.74



3.30



1.96



2.55



4.29



2.51 1.00 5.15 2.54



2.30



3.42 3.09



2.56



2.27



3.30



4.33



Source chemistry MnO MgO CaO Na2O



2.10 1.80 1.54 0.60 0.14 0.09 0.70 0.83



0.37



0.15



0.16



0.03



0.80 0.10 0.56 0.44



0.30



0.44 0.26



0.19



0.08



0.21



0.82



K 2O



1.58 2.02 0.54 0.93 0.76 1.61 1.70 1.31



1.55



1.18



1.74



1.66



1.22 0.40 1.40 0.60



1.30



1.27 1.00



1.19



0.72



2.06



1.18



TiO2



0.09



0.209 0.104



6.72 6.68 0.14



0.16 0.04



0.16 0.14



0.30



0.34



0.42



0.47



6.42



ca. 7.3 ca. 7.3



ca. 7.3 ca. 7.3



6.37 7.02



6.57 7.10



5.96



5.85



6.02



6.06



0.35 0.24 0.12 0.10



0.30



0.30



0.29



0.30



0.18



0.16 0.10



P2O5



0.69 0.69



0.55



? < 0.5 ? < 0.5



? < 0.5 ? < 0.5



0.62 0.79



0.57 0.77



0.68



0.80



0.63



0.74



Amphibole mineral chemistry Si(T) Ti p.f.u. Mg#
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49.04 51.69



47.60



no



"



Rus91 " "



36 32 36-46



48.30



yes (amount unspecified)



"



48.60



51.19



SiO2



traces



54 44 54



Plag %



"



no



Qz %



Source mode Amp %



11/7/05



RWM91, RW95



Code



Table 2. Nature of the source Material Used for Amphibolite Experimental Melting. Shown are modal characteristics, major elements content, and amphibole mineral chemistry, if available. Codes as in Table 1.
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Figure 1. Compositions of the starting materials of various authors, in a total alkali vs. silica (TAS) diagram [Le Bas et al., 1986] and in an Al2O3–Fe2O3–MgO (AFM) [Irvine and Baragar, 1971] diagram. The atypical starting materials are labeled with codes as in Table 1.



(c) Fluid-present melting but without a free fluid phase in the starting material: All the water in the system is accommodated in hydrous minerals, such as amphiboles and greenschist facies minerals (chlorite, epidote, etc.). However, such minerals are not stable in the upper amphibolite facies, and the system should become water-saturated before reaching the solidus because of the water release that accompanies the breakdown of these phases. In this case, the system commonly becomes fluid-absent as melting progresses, because the water content is restricted. Sixtytwo experiments from our database correspond to this situation. (d) Fluid-present melting with water-saturated starting compositions. In this case, the system is typically watersaturated throughout the melting range. A relatively uncommon situation in modern experiments, this was the general situation of the “early” studies of the 1970s and ‘80s. Fifty-two melt compositions corresponding to this case have been published, mostly from relatively low-pressure conditions. Fluid-present melting (cases c and d above) seems to have little relevance for natural situations—although they could conceivably occur in some specific settings, such as waterfluxed melting in an active shear zone, or water-induced melting close to dehydrating sediments in an amphibolite– metasediment greenstone package. This may have some relevance in specific cases but clearly is not a general process accounting for the bulk of TTGs.



3.3. P–T Range of Investigations Experiments have been conducted over a fairly large P–T range, from 1 to 35 kbar and from 750°C to 1200°C. Modern studies focusing on the genesis of TTG adakites were mostly conducted in the garnet stability field, i.e., over ca. 10 kbar. Nevertheless, the P–T space has not been completely explored. While some studies aimed at describing the melting behavior of the system over the widest possible range, some others considered other parameters—for instance, time of equilibration [Rushmer, 1991; Wolf and Wyllie, 1994]—and were restricted to one single pressure. Furthermore, only P–T conditions thought to be relevant for TTG genesis were explored, more or less along a positively sloped “band” from 700°C to 900°C at P < 10 kbar to 1000–1100°C at P > 25 kbar. While this is certainly a sound approach, it means that the behavior of the system is not described in some “exotic” parts of P–T space. In particular, the high pressure/low temperature domain (above amphibole and plagioclase breakdown, in the eclogitic domain) has been the subject of very few studies. Theoretical considerations [Wyllie and Wolf, 1993; Vielzeuf and Schmidt, 2001] suggest that in this domain, melting at low temperature is possible (see below), but this has not been experimentally tested. 3.4. Solidus and Melt Fractions Figure 2a summarizes the solidus positions, as determined in different experimental works.
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Figure 2. Position of the solidus (a) and mineral stability fields (b–d) in the P–T space for the different experiments (codes as in Table 1) and for different degrees of water saturation. Letters (b), (c) and (d) refer to the discussion on fluid saturation in text. Ab = Jd + Qz: position of the albite = jadeite + quartz reaction, after Holland [1980]. A high-pressure field of plagioclase stability, as evidenced by Rapp and Watson [1995], is shown in panel (d) (stippled).



3.4.1. Fluid-absent solidus and melt fractions. The fluidabsent solidus (case b, above) generally has a steep positive slope. Large variations in the solidus position are observed between different studies (Figure 2); melt fraction evolution suggest that the “true” solidus is at ca. 850–900°C; the apparently higher solidus temperature in some experiments is likely to be related to the low-melt fractions close to the solidus, leading to an “apparent” higher temperature solidus [Sen and Dunn, 1994]. At higher pressure, it has been suggested [Vielzeuf and Schmidt, 2001; Wyllie and Wolf, 1993] that the solidus backbends and is located at temperatures close to those of the water-saturated case. This is due to amphibole breakdown above 20–22 kbar to form phengite or paragonite [Schmidt and Poli, 1998], which are not able to accommodate as much water as amphibole does. Therefore, even fluid-absent systems (as defined above) may evolve to have fluid-present portions in parts of P–T space along the solidus at P > 20–22 kbar. This “S-shaped” solidus [Wyllie and Wolf, 1993] has not really been mapped; its existence is partially supported by experimental data of Winther and Newton [1991] (“dry” case). Furthermore, we point out that the S-shaped solidus could be largely an experimental artifact, not completely relevant to natural systems; in natural rocks, depending on the P–T loop, the water released by amphibole breakdown is likely to escape the system and be unable to induce any melting. Actually an S-shaped solidus



will appear only if the amphibole-out curve is crossed at temperatures above the fluid-present solidus. The evolution of melt fraction (F) as a function of temperature (Figure 3) is mostly independent of the source composition. At low pressures (below garnet-in), F values rise from 0 to ca. 50%, from ca. 850°C to 1000°C. At medium pressures (between garnet-in and amphibole-out), a similar evolution takes place between 900°C and 1100°C, with slightly higher maximum F values (50–60%). The relatively steep rise of F fractions between the solidus and the amphibole-out curve is consistent with the melting being primarily controlled by amphibole breakdown. In the eclogitic domain (above amphibole-out), the melt fractions reported increase from 20% at ca. 1000°C to 40–509% at 1100°C. In the high-pressure case, the low melt-fraction domain has not been explored. In P–T space, this defines positively sloped iso-melt curves with a “bulge” around 10 kbar. Quartz-rich sources tend to have slightly higher melt fractions for comparable conditions, relative to their quartzpoor and quartz-free counterparts. 3.4.2. Solidus position and melt fractions in water-saturated experiments with restricted water availability. For the water-saturated case with restricted water availability (case c), including fluid-present melting in systems where water was added in the form of low-temperature metamorphic minerals,
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Figure 3. Melt fractions as a function of the temperature, for three cases: water-absent (left; case b in text), fluid-present (middle; case c), and water-saturated (right; case d). Symbols are affected according to the pressure (shape) and the quartz content (color). For each case, the bottom panel shows abstracted F evolutions; the dark gray band corresponds to P < 10 kbar, the light gray to 10 kbar < P < 20 kbar, and the hatched band to P > 20 kbar. Capital letters denote the occurrence of the melting reactions summarized at the bottom right, with their emplacement in P–T space (amp: amphibole, gt: garnet).



the solidus is at about 800°C at low pressure (Figure 2). Melting will occur at the relevant water-saturated solidus, i.e., arranged in order of increasing temperature, either Pl + Q + Hbl + H2O, Pl + Hbl + H2O, or Hbl + H2O. If water is supplied by low-temperature minerals, melting will occur via an identical process where the low-temperature metamorphic minerals decompose before the solidus is attained. This may produce very small melt fractions. Consequently, the fact that some studies record melting at a temperature well



above the amphibolite fluid-present solidus probably corresponds to an “apparent” solidus [Sen and Dunn, 1994], with enough liquid to allow interconnection of melt pockets (with liquid content of more than a few %), rather than to a “true” solidus. Melt fractions (Figure 3) are mostly known from Zamora [2000]. In this quartz-free system, melting starts at ca. 850°C at low and medium pressures (amphibolitic domains) and stays below 10% up to 950°C. Only at this temperature,
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similar to the temperature where F values rise in the fluidabsent case, do the melt fractions start to rise, up to similar values of 50–60% at 1100°C. This behavior can be related to a two-stage evolution: (1) At low temperatures, melting occurs through a waterpresent reaction. Since this reaction yields granitoid (s.l.) melts, it is obviously incongruent for examples that do not have both quartz and plagioclase at the solidus; peritectic phases are Fe–Ti oxides, clinopyroxene, and garnet or orthopyroxene. The limited amount of water is quickly exhausted, and no further melting is possible at low temperature. The reaction is most likely of the type plagioclase [ok?] + Hbl1 + H2O = melt + Hbl2. The new generation of hornblende (Hbl) is likely to be less Si-rich and have a higher Mg# and higher Ti contents. (2) At higher temperatures, melting occurs—just as it does in the water-absent case—by fluid-absent amphibole breakdown. At higher pressures (eclogitic domain), melt fractions evolve smoothly, from 5% at 750–800°C to 50% at 1100–1150°C. This is consistent with the S-shaped solidus noted earlier. At temperatures above 1000°C, melt fraction evolution is also similar to what was observed in the fluidabsent case. The presence of abundant quartz in the starting material is likely to have the effect of making the early, water-present melting more efficient (see below); the F vs. T curve, in this case, can be expected to have the same shape, shifted upwards. 3.4.3. Solidus position and melt fractions in watersaturated experiments. The fluid-present solidus (case d) is subhorizontal for low pressures, then progressively turns upwards and becomes subvertical, parallel to the fluid-absent solidus, above 10 kbar (Figure 2). The zone of minimum temperature is at 6–10 kbar (600–650°C), increasing to 700–800°C at higher pressures. Melt fractions (Figure 3) are, unfortunately, mostly known from low-pressure (< 7 kbar) experiments [Beard and Lofgren, 1991], all of which had quartz present. Melt fractions display a very steep rise at about 800°C, yielding high melt fractions (about 50–60%) at temperatures as low as 850–900°C. Melt fractions then stay at this level up to 1000°C. We suggest that this corresponds to a very efficient, low-temperature melting of quartz + plagioclase + amphibole + water; amphibole is quickly exhausted by this reaction (none is reported above 950–1000°C in Beard and Lofgren’s experimental charges), such that, when reaching amphibolebreakdown temperatures, nothing more happens. 3.4.4. Summary. In summary, several melting reactions are possible during amphibolite melting.
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At low pressure (where amphibole is stable), the reactions are as follows: (1) The water-present melting of plagioclase + quartz + amphibole + H2O, at about 700–750°C (Figure 3). Because this reaction gives rise to very high melt fractions at relatively low temperature, amphibole may be quickly exhausted in this case, where quartz and plagioclase are abundant. (2) The water-present incongruent melting of plagioclase + amphibole + H2O (reaction a), at about 850°C. This reaction seems to be dominant only in Zamora [2000]’s experiments, where it yields only 5–10% melt. However, in this work the total amount of available water during melting was limited by the fact that the water came from chlorite breakdown. (3) The fluid-absent incongruent melting of amphibole, at ca. 900°C (reaction b). This reaction is not significantly different in the presence or absence of quartz, although the quartz-present version will be more congruent and will therefore produce more abundant liquids. At high pressure (eclogitic domain), the reactions are less well known. Melting reactions involve the breakdown of phengite and paragonite and probably involve a water phase at low temperature. 3.5. Mineral Stability Limits During Melting Mineral stability limits are important parameters in constraining the melt chemistry, because the assemblage coexisting with melt determines the major and trace element composition of the melts. Therefore, one can model the melt trace element compositions only if consistent mineral stability behavior can be established. Most of the mineral stability limits relevant to this study are dependent on bulk composition and vary between the studies examined. 3.5.1. Garnet stability. curves are fairly consistent in all the published works (Figure 2). No systematic differences are observed for different water contents or quartz absence/ presence. This is relatively surprising, as garnet stability in other anatectic systems (e.g., pelitic system [Stevens et al., 1997]) has been demonstrated to be greatly dependent on bulk rock Mg#. This parameter does play a role in garnet stability in mafic compositions, but the more grossular-rich compositions that result from incongruent melting in the studies examined here, as well as the restricted Mg# range of the starting materials, to some degree mask this effect. The only apparent compositional control has been discussed by Zamora [2000], who pointed out that high Na contents in the starting materials tend to shift the garnet-in curve upwards, which is consistent with the uncommonly high position of this curve in his work (ca. 14 kbar regardless of T, for a starting material above 5% Na2O). Presumably, this works through stabilization of higher-pressure more
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Na-rich amphibole, delaying garnet appearance with increasing pressure. 3.5.2. Amphibole stability. In contrast, the amphibole-out curve shows large variations between the studies, with no obvious control from the presence or absence of quartz or the water saturation of the system. In contrast to Gardien et al. [2000], who showed that water saturation helps in stabilizing the amphibole, the largest field of stability is observed in the dehydration melting experiments of Rapp and colleagues [Rapp and Watson, 1995; Rapp et al., 1991]. In general, the dehydration melting experiments have amphibole-out boundaries that scatter far more widely than those of the watersaturated experiments, for which that limit is grouped between 1000°C and 1100°C. In general, the amphibole-out boundary draws a positively slopped curve that progressively backbends to a flat segment at 20–22 kbar connecting to the subsolidus amphibole-out phase boundary of Schmidt and Poli [1998] (Figures 2 and 3). In fluid-absent melting experiments, this boundary is close to the solidus, indicating that the domain of coexistence of amphibole and melt is very limited, which has important consequences for TTG/adakite genesis [Martin, 1999; Maury et al., 1996]. Several parameters seem to exert a limited control on the position of the fluid-absent amphibole-out boundary. There is a loose correlation between the initial amount of amphibole and the position of the amphibole-out boundary; the largest stability field is observed for starting material having large amphibole:plagioclase ratios, whereas the smaller stability fields are observed for experiments with lower amphibole: plagioclase ratios (and quartz in the starting material). This is



consistent with the amphibole stability limit corresponding to the exhaustion of amphibole during dehydration melting reactions (see below), which is obviously dependent on the quantity of reactants. Furthermore, the presence of quartz causes the amphibole stability to decrease (900–1050°C with quartz, 950–1150°C without). The bulk rock composition (bulk Mg#) seems to exert little or no direct control on the position of amphibole-out curve. Finally, the composition of the initial amphibole (in the starting material) appears to exert some control on the position of the amphibole-out curve (Figure 4). However, no systematic study of these parameters has been conducted, and they are obviously not independent in the published works: Si-poor amphiboles tend to be also Ti- and Mg- rich; additionally, most studies were performed with natural rocks, and therefore the modal composition of the source is not independent from the amphibole mineral chemistry. Ti-rich (and also Si-poor, 5.8–6.4 Si(T) p.f.u., and Mg-rich) amphiboles collectively are stable at higher temperatures (1000–1100°C) than Ti-poor (< 1000°C) ones. Si-poor (magnesian, Ti-rich) amphiboles are stable to higher temperatures (1050–1100°C) than Si-rich ones and also appear to be stable at higher pressures (25–30 kbar). The [associated?] amphibole-out boundary is approximately vertical at low pressures, before becoming nearly horizontal at higher pressures. At the other extremity of the “behavior spectrum”, the Si-rich amphiboles define a negatively sloped boundary, extending no further than ca. 1000°C and not above ca. 15 kbar. 3.5.3. Plagioclase stability. There is relatively good agreement between the published work suggesting systematic



Figure 4. Mineral stability, as a function of the starting material composition. (Left) Temperature of amphibole ultimate stability (“amp out”) (for diverse pressures) as a function of Ti content (atoms p.f.u., calculated on the basis of 23 oxygens) in amphibole. (Right) Difference between ultimate plagioclase (“plag out”) and amphibole (“amp out”) stabilities, as a function of the amphibole:plagioclase ratio (amp/plag) of the source. In both cases, two cases are distinguished as a function of the abundance of quartz; as in Figure 3, shading corresponds to the presence or absence of quartz and shape corresponds to the pressure (see caption). The dark band outlines the quartz-poor behavior, the light band the quartz-rich.
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differences in the limits of plagioclase stability between fluid-absent melting and fluid-saturated experiments (Figures 2 and 4). In general, fluid-absent melting situations result in plagioclase being stable at higher temperature than in water-saturated cases, with the exception of Zamora [2000], who reported a theoretically water-present series of experiments wherein the plagioclase stability field was actually similar to that of typical fluid-absent melting cases. In general, the plagioclase-out boundary of fluid-absent experiments is very close to the amphibole-out boundary, again emphasizing the role of reactions of the form amphibole + plagioclase[ok?] = melt + peritectic phases. At pressures above garnet stability, both plagioclase-out and ampholite-out lines are fairly close to the solidus, suggesting that the melting reaction occurs over a narrow temperature range. A consequence of this is that the interval of plagioclase– melt coexistence is very restricted, which has profound consequences for TTG genesis [Martin and Moyen, 2002]. A special case has been described by Rapp and Watson [1995], who observed plagioclase at high temperature (1100–1200˚C, 22–28 kbar). This plagioclase coexisted with a significant proportion of dioritic liquid and seems to correspond to a new cotectic phase formed during high-temperature reactions of the form garnet + clinopyroxene + melt 1 = plagioclase + melt 2. Further investigations of the relative positions of the plagioclase-out and amphibole-out phase boundaries during vapor-absent melting (Figure 4) again suggest a control exerted by the source modal composition. In quartz-rich (also plagioclase-rich) lithologies, the plagioclase is stable up to temperatures that are actually above the amphibole-out curve; in contrast, quartz-poor (and plagioclase poor) lithologies show the reverse behavior, with plagioclase disappearing before amphibole. 3.5.4. Other mineral phases. The stability curves for other (minor) mineral phases are generally not given, and only general statements are possible. Clinopyroxene is the dominant mineral in all experiments. It appears as a peritectic phase in the early melting reactions and is stable in all of the studied P–T range; the clinopyroxeneout boundary probably corresponds to the liquidus, at 1200°C and above [Allen and Boettcher, 1983; Green, 1982]. As could be expected, the jadeitic component in clinopyroxene is more abundant at high pressure [Rapp and Watson, 1995; Zamora, 2000]. Orthopyroxene [Beard and Lofgren, 1991; Patiño-Douce and Beard, 1995; Rapp and Watson, 1995; Rushmer, 1991; Vielzeuf and Schmidt, 2001] and/or olivine [Rapp and Watson, 1995; Vielzeuf and Schmidt, 2001] are often, but not always. observed as peritectic phases below the garnet-in curve. They are probably liquidus phases under low-pressure conditions.
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Fe-Ti oxides are common throughout the P–T field. They are probably present in the starting compositions based on natural rocks and may also be formed as peritectic phases of some melting reactions (see below). Zamora [2000] systematically investigated the character of the oxide assemblage coexisting with melt. Ulvospinel was observed below the garnet-in curve; ilmenite from garnet-in to 16 kbar; and rutile above 18 kbar. Since rutile as a very high partitioning coefficient for HFS[?] elements (Nb, Ta) [Brenan et al., 1994; Foley et al., 2000, 2002; Kalfoun et al., 2002; Ryerson and Watson, 1987; Schmidt et al., 2004], its stability limit has profound implications on the chemistry of the melts and on the genesis of the Nb-Ta anomaly [Foley et al., 2002; Green, 1995; Prouteau et al., 2000; Rudnick et al., 2000; Rudnick and Fontain, 1995]. In experiments at high pressure, quartz or coesite [Allen and Boettcher, 1983] appears as a product of the “eclogitic” reaction albite = jadeite + quartz [Holland, 1980]. It is then progressively consumed and disappears at ca. 900–1000°C. High-pressure hydrous phases (phengite and paragonite) are formed via subsolidus reactions, above the amphiboliteout curve [Schmidt and Poli, 1998]. Even though the highpressure solidus must correspond to the breakdown of these phases, the melting reactions in the eclogite facies have been studied only partially [Skjerlie and Patiño-Douce, 2002; Vielzeuf and Schmidt, 2001]. Finally, nepheline has been reported [Zamora, 2000] at 975–1000°C and 11 kbar. This has since been confirmed by D. Vielzeuf (pers. comm.) in the same P–T range and with the same alkali-rich (> 5 wt% Na2O) starting material. 3.5.5. A general mineralogical model for fluid-absent melting. The above discussions on the positions of mineralout and solidus curves have demonstrated that the relative positions of these limits are controlled by the nature of the source. Three main cases can be distinguished, and these correlate with end-member behavior in the relevant amphibolite compositions (Table 3 and Figure 5). Lithology 1 (KoB) is a intermediate between a komatiitic and a tholeitic basalt. Such a lithology has a high Mg#, little plagioclase, and little or no quartz. It is also alkali-poor and depleted in trace elements (see below). Samples No. 1 and No. 2 from Rapp and Watson [1995] and the starting material of Sen and Dunn [1994] are good representatives of this type of composition: The solidus is fairly high (940°C, subvertical), and the melt fraction rises rather quickly, with iso-melt curves close to vertical in P–T space. As stated above, the amphibole is stable to relatively high pressures and temperatures (1050°C and 25–30 kbar). This controls the position of the solidus backbend, which is pushed to high pressures. The plagioclase-out curve is close to the solidus, defining only a very restricted domain for coexistence of plagioclase and melt.
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Table 3. Summary of the Characteristics of the Three Modeled Sources (see text), for Mineralogical and for Major and Trace Characteristics. Komatiitic basalt KoB



Tholeitic basalt ThB



Arc basalt AB



Modal proportions Quartz Plagioclase Amphibole Amp:Plag



0 75 25 3:1



1 59 40 3:2



10 36 54 2:3



Major elements CaO Na2O K2O TiO2



11.0 2.2 0.1 1.2



10.0 2.8 0.5 2.1



9.0 3.3 1.0 0.8



Ti-rich high Mg# Si(T)-poor



Intermediate



Ti-poor low Mg# Si(T)-rich



1 124 12 2.9 85 29 2.4 0.15



3.9 180 68 2.5 75 22 8.1 0.5



4.6 300 110 1 22 16.8 0.7 0.06



La Ce Sm Eu Gd Dy Er Yb



2.4 8 2.5 1 3.6 4.5 3.1 3.3



6.3 15 3 0.9 3 3.6 2.3 2.2



12 20 3.5 1 3 3 1.6 1.1



Nb/Ta (La/Yb)N



15.8 0.49



16.2 1.91



11.7 7.29



Amphibole composition



Trace elements Rb Sr Ba Hf Zr Y Nb Ta



Lithology 2 is a tholeitic to quartz tholeitic basalt (ThB). It has a higher plagioclase:amphibole ratio; contains some quartz (1–5%); and has average alkali contents and moderately depleted trace element concentrations. Representative examples of this type of composition are ABA [Rushmer, 1991]; Sample No. 3 [Rapp and Watson, 1995]; and the composition of Lopez and Castro [2000]. In this case, the solidus is at ca. 880°C and backbends at 20–25 kbar; the melt



Figure 5. Generalized mineral stability diagrams for the three different sources used in the modeling below. In each diagram, the theoretical water saturated solidus (“wat sat solidus”) is indicated and distinguished from the actual solidus (heavy line); plagioclase, amphibole and garnet stability fields are indicated (“plag out”, “amp out” and “gt in”). The position of the albite = jadeite + quartz [Holland, 1980] is also shown. The gray lines correspond to approximate iso-melt lines of 10%, 30%, and 50%.
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fraction increases more slowly, and iso-melt curves are positively sloped in P–T space. For constant temperatures, the garnet-in boundary corresponds to a marked decrease in melt fractions. The amphibole-out and plagioclase-out phase boundaries are approximately at the same position, from 20 kbar and 880°C to 1050°C at 0 kbar. Finally, lithology 3 corresponds to an arc tholeite to andesitic basalt (AB). The other starting materials approximately match this composition. This lithology is quartz- and plagioclase-rich; it is also alkali-rich and has enriched trace element contents. Its amphibole is silicic and has a low-Mg#. In this case, the solidus is as low as 820°C and backbends only at 10–15 kbar; the melt fractions increase slowly below plagioclase-out, and the iso-melt fractions are positively sloped. Amphibole disappears well before plagioclase, from 820°C at 12 kbar to 1020°C at 0 kbar; plagioclase in contrast is stable at 850°C (at 22 kbar) to 1100°C (at 0 kbar). Obviously, such different lithologies can also be expected to have contrasted trace element contents. KoB was given a depleted characteristic, with a negatively sloped REE pattern. ThB is nearly chondritic, with a flat pattern, and AB is already enriched, has a positively sloped REE pattern, and shows a Nb–Ta anomaly (Table 3) 4. MELT COMPOSITIONS 4.1. Major Elements
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4.1.1. Analytical difficulties with Na. In the studies examined here, glass (quenched melt) compositions have been determined by either wavelength dispersive spectrometry (WDS) or energy dispersive spectrometry (EDS) in conjunction with either an electron microprobe or a scanning electron microscope. Analysis of sodium-bearing hydrous alumino [sp. ok?]-silicate glasses by electron micro-beam techniques is problematic because of the tendency for sodium counts to decay during the analytical counting period [Stevens et al., 1997; Vielzeuf and Holloway, 1988]. Na loss during analysis is obviously critical for studies of TTG genesis, and the studies investigated here have attempted to deal with it in a number of ways; none of the studies reported here, however, used the one technique believed to result in reliable glass compositions over a wide compositional range and using a single standardization procedure: the use of a cryogenic stage to freeze the sample to liquid nitrogen temperatures prior to analysis [Stevens et al., 1997; Vielzeuf and Holloway, 1988]. As a result, the glass analyses should be regarded as likely to underestimate sodium concentrations. This will be most acute at higher pressures and lower temperature, where melt water contents are higher. This appears to be reflected in the data: In the > 350 glass analysis from our database, about one-third have impossibly
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high A/CNK ratios above 1.2, clearly incompatible with amphibolite melting: Such highly peraluminous melts are ordinarily produced only in equilibrium with highly aluminous residual assemblages. This suggests that the published Na2O analysis are largely unreliable, which presents a problem because Na2O contents are important for the definition of the tonalite field [O’Connor, 1965]. 4.1.2. Potassium as a trace element. During partial melting of amphibolite, no potassic mineral phases are present; K is accommodated in the minerals only when substituted for Na. It is, therefore, not a major element but rather behaves as a trace element. Trace element composition in melts is described by the equation Cl 1 = C0 F + D.(1 − F) where Cl is the composition in the liquid, C0 is that in the source, D is the bulk repartition coefficient, and F is the melt fraction [Rollinson, 1993]. A plot of K2Omelt/K2Osource vs. F (Figure 6) for the experimental melts indeed shows that compositions of the melts appear to plot along curves corresponding to D values between 0.05 and 0.1. Therefore, for given F values, the composition in K2O of the melt depends mostly on the source composition. This has important implications on TTG chemistry; partial melts of amphibolites can be expected to have relatively high K2O contents, should the source be itself relatively rich in potassium. In other words, the K values are not a function of the melting processes but rather of the source composition; thus, the low K values of TTG melts is not an intrinsic characteristic linked to their genesis but is a product of relatively low K sources. A recent experimental confirmation of this interpretation has been brought forward by Sisson et al. [2005], who showed that melting of high-K amphibolites at 0.7 GPa with 1.01–2.32 wt% K2O yielded granitic melts (3–6% K2O) for relatively high melt fractions (12–25%). Consequently, plotting the melt compositions in the classical K–Na–Ca diagram is problematic. The Na values are likely to be flawed, and the K values will only reflect source differences. This diagram can hardly be used as a signature of the amphibolite melting processes. 4.1.3. Pressure effect? As suggested by Rapp and Watson [1995] and Prouteau [1999], but in contrast with Zamora [2000], no obvious difference in melt major element composition can be observed as a function of pressure; the diagrams in Figure 6 show that in most cases, the same evolution can be observed in terms of Cmelt/Csource, regardless of the pressure. The “pressure effect” observed when comparing
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Figure 6. Ratio (concentration in the melt)/(concentration in the source) vs. melt fraction (F) for major elements. Dashed lines correspond to the modeled lines (see text and Table 3). K2O is modeled as a trace element (hence the curved trends), and Na2O models depend not on the source, but on the pressure. Symbols according to the type of source (Table 2).



low- and high-pressure melts at the same temperature is likely to actually result from the fact that, given the positive slope of the iso-melt curves in the P–T space, high-pressure melts correspond to lower melt fractions and therefore to more alkali-rich melts. The striking lack of difference between the evolution of the melts as a function of F suggests that, for a given F, the melting residuum has a more or less constant composition in



terms of major elements, whatever the pressure. In other words, the low-pressure clinopyroxene + orthopyroxene + Ca-rich plagioclase assemblage is chemically equivalent to the high-pressure garnet + (jadeitic) clinopyroxene assemblage, at least in terms of major elements. The only exception to this is Na2O; here, the high-pressure melts (coexisting with an eclogitic or garnet-amphibolite residue) tend to be more enriched in Na than the low-pressure
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melts are; this probably relates to the low-Na contents of the high-pressure assemblage, where the only Na-bearing phase is jadeite, which tends to become unstable at high temperature.



0.05 (depending on the case); for Na, owing to the analytical difficulties and the underestimation of Na contents in melts, we used the upper envelope of the data points, rather than the best trend. In addition, pressure control (rather then source control) has been incorporated in the model for Na2O.



4.1.4. A model for major element melt composition during fluid-absent melting. Plotting individual elements vs. SiO2 or versus F gives no obvious, interpretable trends, probably owing to the relatively large diversity of sources. However, this difficulty can be overcame by plotting, rather than one element’s composition, the ratio Cmelt/Csource for this element as a function of F. In this case (Figure 6), well-defined linear trends appear that are controlled by the nature of the source. For each of our three “end-member” sources, we propose a set of equations describing the “enrichment” of the melt in a given element, relative to the source. This is expressed as



4.2. A Model for Trace Element Concentrations in the Experimental Melts Trace element contents in melts can be predicted by applying the equation for equilibrium melting used above, where D = ∑ K di X i i



(Xi: proportion of mineral i in the residue; Kid: partition coefficient of an element between melt and mineral i). Building such a model over the P–T space therefore requires (1) a model of melt fractions; (2) a model of modal composition of the residue; (3) a set of Kd values; and (4) an hypothesis on the source composition. First, a model of typical modal proportions for melt and of the residual mineral assemblage in the experimental charges as a function of P and T had to be established for each of the three cases outlined above (KoB, ThB, and AB). In each



Cmelt = a.F + b Csource where F is still the melt fraction; coefficients a and b for each major element, in all cases, are given in Table 4. These trends, drawn on Figure 6, correspond to the best fit in all cases, except for K and Na. K trends have been modeled in terms of a trace element, with a bulk repartition coefficient of 0.1 to



Table 4. Model Parameters for the Major Element Composition Model. Enrichment in an element Cmelt/Csource is expressed by an equation of the form Cmelt/Csource = a F + b, where F (in %) is the melt fraction. a and b parameters are given here for the three sources defined in Table 2. KoB SiO2 Al2O3 Fe2O3 MgO CaO



ThB



AB



a



b



a



b



a



b



−0.013 0.010 0.015 0.004 0.011



1.500 1.080 0.125 0.030 0.150



−0.011 0.006 0.015 0.007 0.011



1.525 0.950 0.125 0.050 0.150



−0.009 0.001 0.015 0.010 0.011



1.550 0.950 0.125 0.070 0.150



Pressure-dependent behaviour Low P (amphibolite domain): a = 0.003, b = 1.450 Medium P (garnet-amphibolite domain): a = −0.016, b = 2.500 High P (eclogite domain): a = −0.025, b = 3.250



Na2O



Trace element behaviour Cl



K2O



C0 D = 0.1 TiO2



0.016



=



1 F + D (1 − F )



D = 0.07 0.200



15



0.016



D = 0.05 0.200



0.016



0.200
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situation, iso-abundance curves for each mineral species (and melt) have been manually drawn on the P–T diagram, smoothing the data scatter between different experimental works. Based on these curves, the mineral modal proportions have been extrapolated over the relevant parts of the P–T space, using triangulated irregular network interpolation between the iso-abundance curves. For Ti-bearing minerals (ilmenite and rutile), which have very high Kd values for Nb and Ta and are therefore important to constrain precisely, we refined this approach by estimating the amount of Ti in the residue by mass balance and calculating the rutile/ilmenite content from that. For each point in the P–T space, the modal composition has then been normalized to 100%. The modal composition model is depicted in Plate 1 (left panels). For most elements, the Kd values used are from Rollinson [1993]; they do not change with melt composition—a reasonable approximation in general [Rollinson, 1993]. However, considering the recent discussion on Nb and Ta contents in melts, on the one hand [Foley et al., 2002, 2004; Rapp et al., 2003], and the recent work on partitioning of Nb and Ta in Ti-bearing phases, on the other hand (e.g., Schmidt et al. [2004]), we decided for a more precise model in that case, taking into account the melt composition. Following Schmidt et al. [2004], we use a Kdmelt/rutile that varies with the melt SiO2 content, from 25 (at 48% SiO2) to 150 (at 70% SiO2) for Nb and from 50 to 200 (over the same SiO2 range) for Ta. Finally, the source composition for each lithology is as described above (Table 3). Plates 1 and 2 show the results of this modeling for selected trace elements and ratios. 5. FEATURES OF THE MODEL AND RELEVANCE FOR TTG GENESIS 5.1. Ca–Na–K Systematics On a Na2O–K2O–CaO diagram, TTGs plot in a rounded area close to the Na2O apex. As pointed out by Martin [1994], they do not define a single trend, and this suggests that TTGs actually derive from different sources and/or processes. Our model shows that partial melts from amphibolites start on or close to the Na–K side, in a position dependent on the K2O content of the source, and evolve towards the Ca apex with increasing melt fractions. The lack of evidence for such evolution within the TTG series suggests that either (a) no low-melt fraction liquids are represented in the rocks, or (b) the source of the magmas was a very K-poor basalt. A total alkali vs. silica or SiO2 vs. K2O/Na2O diagram (Figure 7) shows that the felsic and K-rich source (AB) yields melts that plot significantly above most TTGs for a given SiO2 content; therefore, we suggest that the low K values in TTGs reflect a K-depleted source, as, according to our



model, a K-rich amphibolite (more than 1 wt% K2O) could easily yield potassic, granitic, or even syenitic melts at lowmelt fractions. More generally, the melts show two different behavior patterns on a P–T diagram (Figure 8): Low-pressure melts evolve from rare granites (very low F, first melts close to the solidus) to granodiorites and tonalites, whereas at higher pressures, the melts are trondhjemitic close to the solidus and become tonalitic with increasing temperature. TTG melts (tonalitic or trondhjemitic, between 60% and 70% SiO2, with low K/Na values) form for melt fractions between ca. 15% and 40%, roughly corresponding to temperatures between 900°C and 1100°C (this is, of course, pressure-dependent). 5.2. REE Contents REE contents of the melt are, unsurprisingly, strongly controlled by garnet abundance. It is, however, important to note that the typical TTG HREE and Y depletion occurs only when significant amounts of garnet are found in the residue; to achieve a twofold depletion of Yb contents (from a MORB-like source, YbN = 10 source, to a TTG-like melt, YbN = 5) requires a minimum of 20% of garnet in the residue. The degree of melting exerts relatively little influence, in that the melting reactions incongruently produce garnet; therefore, increasing melt fractions also result in increasing proportions of garnet in the residue. Even a source with half this amount in Yb (YbN = 5) still requires ca. 15% of garnet in the residue to achieve appropriate degrees of depletion in the melt. Therefore, the HREE depletion of TTGs not only requires garnet to be stable, it also requires garnet to occur in significant amounts in the residue. This, in turn, involves pressures well above the garnet-in curve, since garnet becomes a volumetrically significant mineral only well above this pressure. Consequently, the appropriate level of Yb depletion can be reached only for pressures above ca. 15 kbar (in the ThB case). In addition to garnet abundance, the source composition plays some role in shaping the REE pattern produced in the melts. A depleted source (KOB in our lithology), with an initially negatively sloped REE pattern, is unlikely to ever yield melts with a positively sloped REE pattern (Plate 1, right panels). This suggests that the source was undepleted to moderately enriched. 5.3. Sr and Y Sr content is linked to plagioclase stability, and Sr contents increase sharply above plagioclase-out; this has been demonstrated experimentally by Zamora [2000] and is discussed in Martin and Moyen [2002]. Y has the same behavior as Yb, and low Y concentrations in the melt are also correlated with



10_12672



11/7/05



7:57 PM



Page 17



Q2



Plate 1. (Left) P–T representation of the modal proportion model for each of the three modeled cases. Color codes correspond to melt fraction (first line) or to modal proportion in the residue (next four lines), legend adjacent to each diagram. Additionally, the mineral stability curves of Figure 6 are indicated. (Right) Results of the modeling for REE, color-coded in the P–T space. Disposition same as in left panels; the subscript “source” indicates the concentration in the source, and “melt” denotes the concentration in the melt (in other words, the Cmelt/Csource values correspond to the enrichment of the studied element during melting); the subscript “N” indicates melt concentration, normalized to chondrites (normalization values of Thompson [1982]).
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Plate 2. (Left) Results of the modeling for Sr and Y, color-coded in the P–T space. (Right) Results of the modeling for Nb and Ta, colorcoded in the P–T space. Comments as in Plate 1.
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Figure 7. Total alkali vs. silica (TAS) [Le Bas, 1986] and SiO2 vs. K2O/Na2O diagrams showing the composition of the TTGs (gray dots) (ca. 2,000 analysis, [Martin and Moyen, 2002]) compared with the predicted model compositions (lines). TTG compositions are contoured by data point density, estimated by kernel density ([Venables and Ripley, 2002], a built-in function in the statistical package “R”: http://www.r-project.org/). The numbers of the contours correspond to the values of the density function. The three models (corresponding to the three sources) discussed above are represented: AB, “arc basalt” source (thick gray line); ThB, “Tholeiitic basalt” (black line); KoB, “Komatiitic basalt” (dashed black line). Capital letters denote the nature of the residuum coexisting with the melt (amphibole, amphibole + garnet, or garnet). In both cases, the AB source yields magmas typically too rich in potassium to adequately model TTGs, while the KoB source is generally too poor in potassium. Only the ThB source allows the model to reproduce the TTG compositions.
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significant amounts of garnet in the residuum. These two factors together produce the Sr/Y ratio that behaves in a very similar way to the La/Yb ratio during melting events that produce garnet and consume plagioclase. Consequently, Sr/Y appears also to be a good pressure indicator, low-pressure melts being Sr-poorer and Y-richer than high-pressure ones. 5.4. Nb and Ta Nb and Ta contents are largely controlled by the presence of rutile. The extremely high Kd of rutile, for both elements, effectively regulates their concentration in the melt. Foley et al. [2002] and Schmidt et al. [2004], on this basis, showed that Nb/Ta is a very good pressure indicator, rutile-present melts having high Nb/Ta values and being overall depleted in these elements. Our work indeed confirms this; the “cutoff value”, based on our modeling, seems to be around 15–20 for Nb/Ta values, slightly lower than the Nb/Ta value of ca. 25 considered by Foley et al. [2002] as a minimum for rutile-present melting. However, neither our modeling nor the work by Foley et al. [2002] and Schmidt et al. [2004] is able to predict the very low Nb/Ta ratios (between 10 and 3) observed in some TTGs, irrespective of their degree of differentiation (SiO2 content). The only plausible solution would be a source rock already having very low Nb/Ta ratios; our sources have initial Nb/Ta values around 15 and give melts not below 10. It appears that a Nb/Ta value of 5 can be attained only with a source having a Nb/Ta value not exceeding 7, strongly distinct from known basaltic compositions. This observation prompted some workers, e.g., Kambers et al. [2002], to suggest that TTGs are not the product of amphibolite melting, but rather of garnetpresent fractionation of common wet mantle melts [AlonsoPerez et al., 2003; Grove et al., 2003; Müntener et al., 2004]. This interpretation, however, seems to be at odds with a large corpus of experimental (summarized here) and field observations showing that partial melting of amphibolite is a viable mechanism to yield TTGs; amphibolite-derived melts indeed match TTG composition for nearly all elements (major or trace), apart from their Nb/Ta ratio. We found, furthermore, that our natural TTG database (more than 2000 analyses, expanded after Martin and Moyen [2002]) encompasses rocks with Nb/Ta values (see Figure 9) up to at least 40 (omitting some very high, suspect values), which contrasts with the maximum Nb/Ta of ca. 20 reported by Foley et al. [2002] and Kambers et al. [2002]. The systematics of Nb and Ta in TTG rocks remains poorly understood, and the present models are unable to account for the low-Nb/Ta members of the TTG group. Figure 8. Nature of the modeled melts in O’Connor [1965] systematic, compared with the nature of actual experimental melts. Modeled compositions are indicated by the shadings, real experimental melt nature by symbols.



5.5. Other Systems To a lesser degree, other trace elements also appear to be pressure-sensitive. The Zr/Hf ratio, for instance, increases
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Figure 9. Melt compositions for trace elements as predicted by the model, compared with TTG compositions, contoured as in Figure 8 (only contours are shown). For the modeled compositions, the shape of the symbol corresponds to the source (see Figure 8), and the color (white to black) corresponds to pressure (high pressure is darker). In each diagram, arrow graphically shows the effect of increasing pressure on the modeled compositions.
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from typically ca. 20 to > 50 between 5 and 25 kbar, spanning the whole range of observed values in natural TTGs. 6. DISCUSSION AND CONCLUSIONS 6.1. Eclogite vs. Amphibolite Melting The conditions of melting that are appropriate for the generation of TTGs has been the subject of several recent discussions. While the conventional view [Martin, 1987, 1994] has been that the source of TTGs is garnet-amphibolite, Rapp et al. [2003] recently proposed, on the basis of experimental data, that eclogite melting is an equally plausible source. This view has been in turn challenged by Foley et al. [2002, 2004] and Schmidt et al. [2004], on the basis of Nb and Ta contents in TTGs; they concluded that a rutile-bearing eclogitic residue would yield melts with higher Nb/Ta values than those that typify TTGs. At this point, however, we should note that the terms “amphibolite” or “eclogite” melting are somewhat misleading. Because amphibole disappears relatively quickly during melting, as discussed earlier, even melting starting at amphibolite-facies depths will very quickly yield melts in equilibrium with an amphibole-free assemblage (garnet + clinopyroxene, generally), which is actually eclogitic. The only relevant distinction, in terms of geochemistry, is whether rutile is present or not during melting—which roughly corresponds to pressures above or below 15 kbar, respectively. Foley et al. [2002] and Schmidt et al. [2004] ruled out rutile as a common residual phase, on the grounds of the low Nb/Ta values in TTGs. However, as stated above, our database shows a far greater diversity in TTG compositions, suggesting that Nb/Ta values may not be a clear discriminant feature of TTG magmas but instead are quite variable within this group. This important variation in Nb/Ta values, combined with equally significant variations in other elements, leads us to conclude that melting did occur both in and out of the rutile stability field; TTGs with characteristics matching both possibilities are observed. As a side note, in the database of Martin et al. [2005] on adakites, the acid adakites (considered to be more or less pure slab melts) have Nb/Ta values between 7 and 20. This suggests a far greater homogeneity of adakites, with less variation than among Archean TTGs. This also suggests that, although some TTG magmas formed in the presence of rutile, this is probably not the case for most adakites. 6.2. Pressure Proxys in TTG Geochemistry Our modeling suggests that some elements are good indicators of the pressure of melting. Sr is linked to plagioclase



stability; Eu/Eu* is also classically an indicator of plagioclase stability. Nb/Ta is a good indicator of rutile stability (despite the above-mentioned limitations); since rutile appears at ca. 15 kbar, regardless of temperature, Nb/Ta is very pressure-sensitive. Finally, Yb is a good indicator of garnet stability, or more correctly, of garnet abundance, and is also a pressure-sensitive parameter. Figure 9 shows the interrelationships between these indicators, as well as their correlation with pressure. TTGs occur all along the curves in these diagrams, suggesting that TTG genesis occurs over a large pressure range, from ca. 10 kbar to ca. 20–25 kbar. These indications should be used with some caution, though. As can be seen in the figures, they are slightly sensitive to the source composition. Worse still, later magmatic evolution will indeed affect the concentrations of these elements: The Nb/Ta ratio is unlikely to be strongly modified, but Yb and Sr contents will be modified during fractional crystallization (assuming fractionation of plagioclase + amphibole, after Martin [1987, 1994]). The direction of the Sr and Yb variations is not easily predictable, since amphibole has high Kd for Yb but low Kd for Sr; the situation is reversed for plagioclase. Therefore, the direction of the evolution will depend on the exact proportion of both minerals involved, and of course on the inclusion of accessory minerals such as apatite [Martin, 1987]. However, precisely because of the opposite effects of both principal minerals, the overall partition coefficient will be close to 1, resulting in variations of ca. 30% for 30% fractional crystallization— considerably less than the observed differences. Thus, the data appear to support a continuum of melting conditions to produce TTG magmas. This range extends from ca. 10 kbar—where at low pressure TTGs form that are Srpoor (< 400 ppm), relatively undepleted in Yb (YbN = 5–10), slightly negative for Eu anomaly, and low Nb/Ta (ca. 10)—to 20–25 kbar, where at high pressure, TTGs are produced that show the opposite characteristics (Sr = 500–1000 ppm, YbN ≈ 2, Nb/Ta ≈ 20). 6.3. Geothermal Gradients for Making TTG The previous discussion leads to the conclusion that TTGs with appropriate compositions, both in terms of major and trace elements, can be formed only in a relatively restricted part of the P–T diagram. Major element considerations indicate that tonalites and trondhjemites are formed between ca. 900°C and 1100°C (Figure 8). The trace element modeling suggest pressures varying between 10 and 25 kbar; garnet is present in sufficient amounts to produce a suitable HREE and Y depletion above about 15 kbar; this value is also the pressure above which Yearron et al. [submitted] found garnet coexisting with trondhjemitic liquids (at 850°C).
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Therefore, the P–T conditions for making TTGs are represented in Figure 10: P > 15 kbar and 900°C < T < 1100°C. This corresponds to relatively low geothermal gradients of ca 20°C/km (assuming a density of 3.0 for crustal rocks), lower than most recorded Archean gradients (which are up to 60°C/km [Percival, 1994]). Occasionally, atypical low-pressure TTGs are found, with relatively unfractionated REE patterns having small Eu anomalies and fairly high Nb and low Sr values. The present study suggests that this group of rocks can form at lower pressures (10–12 kbar) but equivalent temperatures, corresponding to higher geothermal gradients of ca. 30°C/km. 6.4. Geodynamic Implications P–T conditions as discussed above correspond to fairly low geothermal gradients of ca. 20°C/km. They also imply melting at ca. 50 km or more. All this is in poor agreement with an intraplate (plateau melting) setting but is in better agreement with subduction zone processes. Martin and Moyen [2002], on the basis of interpretation of a compilation of TTG analyses and their secular evolution, arrived at the same conclusion; furthermore, an increasing number of examples of interactions between TTG-like melts and mantle peridotites are being described (the “sanukitoids”; e.g., Smithies and Champion [2000]; Moyen et al. [2003]; Martin et al. [2005]), which strongly suggests that TTG magmas were formed in a



Figure 10. Summary diagram showing (1) the domain of tonalitic and trondhjemitic melts (dashed); (2) the domain of melts with TTG-like trace element signatures (shaded; darker shade corresponds to higher pressure melts, Yb- and Y- poorer sources and Srricher sources with higher Nb/Ta); (3) the field of Archean granulites (Arc. Gr.), after Percival [1994], and associated geotherm (dashed, with arrow); (4) Geothermal gradients after Delong et al. [1979] along a subducting slab of different ages (solid line, with arrow; age indicated). Only subduction of a young lithosphere seems to be able to give geothermal gradients along which P–T conditions adequate for TTG genesis are reached.
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place where they could interact with the mantle—thus implying a subduction zone. However, melting of the subducted slab is not a common process in modern subduction zones; it is actually restricted to some rare locations, but in such places the volcanic activity associated with subduction is “adakitic”, i.e., lavas having chemical compositions similar to those of Archean TTGs [e.g., Defant and Drummond, 1990; Maury et al., 1996; Martin, 1999]. On the other hand, the frequency of TTG occurrence in the Archean suggests that these conditions were far more commonly achieved during that time. A possible explanation [Martin, 1994; Martin and Moyen, 2002] is that, due to higher overall radioactive heat production during the Archean, the Earth as a whole was warmer; therefore, upper mantle temperatures were higher, resulting in hotter subductions. However, this model implicitly considers that the higher heat production resulted in a homogeneous increase of the temperatures of each part of the Earth; an alternative possibility is that the higher heat production was rather accommodated by more active or more numerous spreading centers, the rest of the upper mantle being at temperatures not significantly different from now [Bickle, 1978, 1986; de Wit and Hart, 1993]. In this case, more abundant ridges would result in faster and smaller plates, with a mean age of subducting lithosphere significantly younger that at present [Lagabrielle et al., 1997]. P–T conditions in subduction zones have been studied by (e.g.) Delong et al. [1979]; according to their modeling, the P–T “window” identified in the present study for making TTGs can be achieved in three cases: (1) subduction of a young lithosphere (< 30 Ma when entering the subduction); (2) fast subduction (> 10 cm/yr); (3) young subduction (subduction processes having started less than 10 Ma ago). This view has been challenged by Parsons [1982], Galer [1991], and Kambers et al. [2002], on the ground of thermal modeling of mantle potential temperature and oceanic plate formation. These workers consider that the rate of oceanic plate generation did not greatly change between the Archean and the present, and that the higher heat production (and higher upper mantle potential temperature) was instead accommodated by thicker—but not younger, on average— oceanic plates. Even in this case, though, the higher potential temperatures of the upper mantle would generate hotter subduction zones, whereas the thicker oceanic plates would allow large amounts of mafic materials to go into subductions, likewise allowing for the generation of large amounts of TTG melts in subduction zones. Regardless of the model adopted for Archean oceanic plate formation, the geochemical features of TTG point to magma generation along a geothermal gradient of ca. 20°C/km, too low for intraplate settings, even if it is somewhat higher than expected in a modern subduction situation.
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In contrast, the low-pressure TTGs do not necessarily need to be formed in a subduction setting; they can be formed at the base of a thick oceanic plateau, by melting of underplated basalts, or in a stack of oceanic crust “slices” [de Wit and Hart, 1993]. In the Barberton greenstone belt area, Moyen and Stevens [2004] showed that the low-pressure TTGs occurred early in the cratonic history (the 3.55 Ga Steynsdorp pluton [Kröner et al., 1996]), whereas the “normal” highpressure TTGs are more recent (the 3.45 and 3.22 Ga generations [de Ronde and Kamo, 2000; Kamo and Davis, 1994]). This suggests that the early stages of continental accretion consist of the formation of an intra-oceanic continental nucleus, which later focuses the subduction zones; the subsequent continent development is mostly related to subduction zone magmatism probably associated with arc accretion. 6.5. Nature of the Source Our modeling suggests that the suitable range for source composition is actually relatively restricted. A felsic source (our AB lithology) is too rich in plagioclase to produce melts with appropriate compositions of major elements; only a mafic source, corresponding to our KoB or ThB sources, gives appropriate melts with low K/Na values even at high silica contents. In terms of trace elements, an arc-style source, already bearing a Nb–Ta anomaly, is ruled out because the resulting melts would be extremely depleted in Nb and Ta, which is inconsistent with the TTG compositions. On the other hand, melting of an N-MORB source (our KoB lithology) does not replicate the trace element contents (La/YbN in particular) of TTGs. Therefore, a slightly enriched (E-MORB or similar) source is needed to account for TTG characteristics. In our three models, the ThB source therefore seems to be the most appropriate to account for the genesis of most TTG. This would be consistent with the Archean upper mantle being less depleted than its modern counterpart (probably owing to a lesser amount of continental crust extracted from the mantle). However, while these observations tell us that the bulk of the TTGs are probably derived from a slightly enriched, mafic, MORB-like source, they do not imply that melting of other sources is impossible. Actually, we suggest that some strange “TTG looking” or “near-TTG” plutonic rocks could be interpreted in terms of melting of an amphibolite with uncommon characteristics, e.g., an arc-related rock (during closure and subduction of a back-arc basin?), or komatiitic basalts (during regional metamorphism after accretion of a komatiitic greenstone sequence?). 6.6. Further Work This review suggests several directions in which experimental work on partial melting of amphibolites could be extended:



(1) The role of epidote during partial melting, and the nature of the liquids formed by melting associated with epidote breakdown; (2) The parameters actually controlling the position of the amphibole-out and plagioclase-out phase boundaries: modal composition of the source and mineral chemistry of the amphibole, most likely; (3) A more correct determination of Na contents in the experimental glasses; (4) The behavior of the system (and the melt compositions) in the eclogitic domain, close to the high-pressure solidus (> 20 kbar, 750–900°C); (5) The development of a proper thermodynamic model for TTG melts, comparable to what exists for peraluminous melts [Holland and Powell, 2001; White et al., 2001] or mantle melts (MELTS) [Ghiorso et al., 2002; Ghiorso and Sack, 1995]. Finally, our study suggests that TTGs encompass at least some degree of geochemical diversity, part of which, we propose, can be related to differences in melting depth of similar sources. We suggest that more attention should be paid to subtle differences of rocks broadly belonging to the “TTG” group, to try to discuss with a sufficient degree of precision the conditions for their formation. 7. CONCLUSIONS AND SUMMARY The following conclusions can be drawn from this review: (1) Archean TTGs are the product of fluid-absent partial melting of metabasites, at pressures commonly above 15 kbar and temperatures between 900°C and 1100°C. This corresponds to relatively low Archean geothermal gradients (typically 20°C/km). These conditions are likely to have been achieved in subduction zones that were significantly hotter than their modern counterparts. (2) The TTG source was basaltic (rather than andesitic) and relatively enriched. Neither an arc-style source nor a depleted MORB or komatiite can account for the compositions of major and trace elements in TTGs. Surprisingly, a large proportion of previous experimental studies have used lithologies that were too felsic as starting material and are therefore only partially adequate to address the question of TTG formation. (3) Nb/Ta, Sr, and HREE contents in TTGs appear to be intercorrelated and represent an indicator of the pressure of melting. These indicators span a relatively wide range, suggesting that TTGs were generated over a large range of pressures, from 10 to 25 kbar at least. Acknowledgments. JFM’s postdoctoral stay at Stellenbosch University has been funded by NRF grant GUN 2053698 and a grant from the Department of Geology. Hervé Martin kindly made
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