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Abstract 

This study based on compiled world-wide garnet peridotite data confirms the GST in high P and T 

conditions, which was obtained from Al-free experimental system (MgO-Cr2O3-SiO2) by Klemme 

(2004). A new spinel-phase peridotite zone, garnet peridotite discontinuous zone, is defined, and 

another GST, although no experimental data, is principally and presumably proposed to exist. The 

garnet inclusion-bearing spinel harzburgite from Lashaine (Tanzania) provides the first evidence for 

the existence of ultra-high spinel zone and is explained as recrystallized minerals hosting the 

interacted residue of ancient oceanic lithosphere subducted into the great depth of more than 220km. 

These previously unexpected findings are generating great challenges to phase transition in extreme 

conditions and to our understanding of layered-structure of the Earth. In addition, coexistent 

five-phase peridotite is suggested to be naturally useful tool to constrain the GST. 
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It is well-known that a series of discontinuities divide the Earth’s interior into three main parts, 

crust, mantle and core, which contain some sub-parts. The lithospheric mantle contact with the 

shallowest solid part, crust, and the shallowest sub-solid part, asthenosphere, at the top and the 

bottom, respectively, plays an important role in the long-term evolution of the earth. The 

crust-mantle boundary and lithosphere-asthenosphere boundary are recognizable seismically and 

rheologically (e.g., Pavlenkova, 1997; Chen et al., 2006), but the garnet-spinel transition (GST) in 

the mantle is geophysically invisible and not-well detected by geochemical approaches. However, 

the GST is important, because it is one of major phase boundaries in the Earth’s upper mantle and a 

key boundary to characterize global chemical and thermal heterogeneity in the lithospheric mantle 

and to constrain global chemical evolution of lithosphere in the Earth’s history (Green and 

Ringwood, 1967; Hales, 1969; O’Neill, 1981; Asimov et al., 1995; Klemme and O’Neill, 2000). For 

example, GST is of particular petrogenetic relevance as the interpretation of magmatic processes at 

mid-ocean ridges, and some geochemists have argued for beginning of melting just within the 
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stability field of garnet lherzolite (e.g., Salters and Hart, 1989; LaTourette et al., 1993; Klemme, 

2004), 

Two contrasting peridotites as mantle xenoliths hosted in volcanic rocks, garnet and spinel 

peridotites are available and high-pressure experiments of the garnet-spinel transition (e.g., Robinson 

and Wood, 1998; Klemme, 2004) is seated at ca. 2.8 GPa (= 85 km depth), while trace element and 

isotopic compositions of basaltic melt also suggest some differences between them (e.g., Salter, 

1996; Schiano et al., 2000; Sen et al., 2005). Recent studies suggest coexistent five-phases 

(Grt-Sp-Cpx-Opx-Ol) peridotites are likely to constrain the GST because high-pressure experiment 

shows a wide range of the P-T stability where the garnet and spinel can coexist in peridotite and the 

garnet-spinel field strongly depends on the Cr/(Cr+Al) in the system (Fan et al., 1997; Klemme, 

2004; Su et al., 2007).  

In the depth of 40-90km of some oceanic lithospheres, the increase and discontinuity of seismic 

waves were detected and suggested the phase transition zone (Shimamura and Asada, 1976). But 

many geochemists debated this suggestion. Carrol Webb and Wood (1986) suggested the depth and 

thickness of GST are about 40-55km and 6km, respectively. The GST beneath Australian continent is 

seated at the depth of 55-62km based on the study of Griffin and O’Reilly (1987). Xu et al. (1995) 

and Fan et al. (1997)’s studies revealed 55-70km maybe the location of the GST beneath eastern 

China. The problem is that the above geochemical studies are all based on the compiled spinel-phase 

and garnet-phase peridotites constraining the top and bottom boundary of GST, respectively. But it 

cannot give a convictive result because spinel-phase and garnet-phase peridotites are not directly 

from GST and moreover compiled samples are finite. Therefore, it is very imperious to seek an 

effective way to constrain GST. 

 

Experimental results of GST 
The phase-transition study is generally carried out using mostly composed composition and rarely 

natural sample. The position of GST is well understood in simplified chemical systems (e.g. 

CaO-MgO-Al2O3-SiO2) by experiments (MacGregor, 1965; Green and Ringwood, 1967; Hales, 

1969; O’Hara et al., 1971; O’Neill, 1981; Gasparik and Newton, 1984; Robinson and Wood, 1998; 

Klemme and O’Neill, 2000). The results are compiled in Fig. 1. There is general agreement, 

although some shift, that these simple systems the GST is univariant and has a positive slope in 

pressure-temperature space. The noticeable point is that these experimental runs are based on fertile 

compositions, Al- and Ca-rich systems, which certainly yield the results fertile, basically shallow, 

part of the mantle. However, many studies on natural samples have proved these results, especially 

the popular-used and accepted GST line obtained by Klemme and O’Neill (2000). 

Klemme (2004) tried refractory compositions at high pressures and high temperatures to 

determine GST within depleted mantle. The GST in his Al-free system (MgO-Cr2O3-SiO2) exhibits a 
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negative slope in pressure-temperature space which is in stark contrast to that in a Cr-free or fertile 

compositions (Fig. 1). This may be related to the mantle composition at different depth. It has been 

known that the deeper continental mantle is clearly depleted in Al and more or less constant in Cr 

compared with normal fertile mantle, which is believed to be caused by melting events (e.g., Falloon 

and Green, 1988; Walter et al., 2002). In addition, the mantle shows increasing Cr/Cr+Al with depth 

as extremely Cr-rich garnets are commonly found in diamond and Cr/Cr+Al ratio of spinel increases 

with depth (e.g., Stachel and Harris, 1997; Stachel et al., 1998, 2000; Su et al., 2007). In spite of the 

GST at high pressure and temperature having been determined for several years, some problems are 

still unsolved, (1) no evidence from natural sample is found, (2) another spinel phase zone 

unexpected previously must exist somewhere between the MCrS and CMAS lines, (3) if so, what’s 

the formation of spinel in this condition, (4) why no any magma samples it, or transit garnet or other 

phase during descending. 

 
Coexistent five-phase peridotite (CFPP) 

In the section of the earth from crust to core, GST of lithospheric mantle is just a tiny boundary 

line because its thickness is assumed to be about 5-15km (e.g., Carrol Webb and Wood, 1986; Griffin 

and O’Reilly, 1987; Su et al., 2007). On the other hand, if magnified in a small scale, this boundary 

line can be considered as a zone because in which garnet/spinel transits into spinel/garnet gradually 

and continuously. Therefore, garnet and spinel coexist in the GST and this type of peridotite making 

up the GST zone can be name ‘coexistent five-phase peridotite (CFPP)’ which is composed of 

olivine, orthopyroxene, clinopyroxene, garnet and spinel. Of course, this definition is not exactly the 

‘coexistent’ because it is difficult to reach compositional equilibration between minerals in the phase 

transit boundary. Although CFPP samples have been found in many locations (see references in Su et 

al., 2007), in my recent study, an extremely particular sample from Lashaine (Tanzania) reveals new 

knowledge about CFPP. This sample should be classified as spinel harzburgite based on its 

components (Fig. 2A). Just within one coarse spinel grain, a round-shaped garnet grain occurs as 

inclusions and displays sharp boundary with its host spinel (Fig. 2B). One orthopyroxene grain is 

also included in spinel (Fig. 2C) and low-Cr spinel inclusion presents within orthopyroxene (Fig. 

2D). Mineral compositions in Table 1 show high Mg# and Cr#. This refractory feature is more or 

less consistent with the start composition in Klemme’s experiment (2004). 

CFPP xenoliths are direct samples from the GST. According to spinel-garnet relationship, these 

CFPP xenoliths can be divided into three types, spinel-zone, garnet-spinel transitional zone and 

garnet-zone peridotites, corresponding to upper, middle and bottom limits. Therefore, the depth and 

thickness of phase transition zone of lithospheric mantle can be determined through mineral 

composition of peridotite xenoliths and estimated T and P conditions. The features and 

compositional characteristics of CFPP were described in detail in Su et al. (2007) where provided an 
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excellent case, filling the gap of geotherm and constraining the GST beneath eastern China. 

 
Natural evidence for GST 

In my recent study, 231 garnet peridotite xenoliths from craton (134) and off-craton (97) and 198 

orogenic garnet peridotites are compiled from 138 literatures including more than 120 localities (see 

detail in Su, submitted). All the estimated pressures and temperatures are plotted in Fig. 3. Overall, 

cratonic garnet peridotite xenoliths distribute near or below the cratonic geothermal line obtained 

from the mantle xenoliths entrained in South African kimberlites (Menzies and Chazot, 1995). 

Off-cratonic xenoliths are plotted within the area between oceanic geotherm and garnet-spinel 

transition line. The distribution of orogenic garnet peridotites indicates their low-temperature feature 

(Fig. 3). The noticeable point is that very few data are close to oceanic geotherm because lack of 

collected oceanic garnet peridotite data. The GST from CAMS system works well and restricts the 

upmost limit of garnet peridotites, especially in the field of pressure (1.5-2GPa) and temperature 

(800-1250 ºC).  

At great depth (6-10GPa), there is a garnet peridotite discontinuity can be deciphered excluding 

tow orogenic garnet peridotites. The top and bottom limits of the discontinuous zone are illustrated 

by dashed and bold lines, respectively (Fig. 3). Fortunately, the bottom limit excellently 

matches/overlaps the GST line in MCrS system (Klemme, 2004). This coincidence should be 

expected like the GST obtained in CAMS system and provide the natural evidence for experimental 

result in the first time. As mentioned above, the garnet peridotite discontinuous zone is deservedly 

corresponding to spinel peridotite field. Meanwhile, the dashed line is most likely to represent 

another expected GST between MCrS and CAMS system. This new GST hasn’t been understood 

because previous experiments are never done in the Al- and Cr-bearing system. On the other hand, if 

Cr added into CAMS, the system will be complex and beyond our ability to get multi-dimension 

phase diagram. This problem could be avoidable if Al is joined into MCrS system which is feasible 

to run in different proportions of Al, although taking quite long time. 

Klemme (2004)’s experiment of Al-free (MCrS) system revealed a possibility that spinel 

peridotite might exist at great depth (Fig. 1), and this study provides further constraint on the 

inference. However, there is no geological evidence from the nature reported so far. In the Lashaine 

garnet inclusion-bearing spinel harzburgite, the garnet and orthopyroxenes included in spinels are 

perhaps mineral assemblage formed at the same stage and their pressure and temperature yield 

2.8GPa and 1059ºC, poltting on the oceanic geotherm. The mineral assemblages of olivine, 

orthopyroxene, clinopyroxene and spinel give high temperature of 1288ºC on average and ultra-high 

pressure of 7.2GPa, falling within the spinel-phase (MCrS) field. Taking into account the geological 

evolution of Lashaine, a subduction towards Tanzanian craton took place at ca. 2Ga (Moller et al., 

1995). Garnet-orthopyroxene assemblage, possibly representing the ancient oceanic lithospheric 
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mantle, subducted to the great depth of 220km and was sequestered there for a very long period. 

During the stay, the interaction was necessarily happening and recrystallization of new mineral 

especially spinel would be proceeding simultaneously because of the condition just in the 

spinel-phase (MCrS) field. Therefore, it is easily understandable that garnet and orthopyroxene 

inclusions, the reaction residue, are rich in Cr and still reserve Al- and Ca- enriched features (Table 

1), and that spinel inclusion and its host orthopyroxene display reaction feature (Fig. 2D). Another 

possible explanation is on the contrary, that is both inclusions generated from exsolution of spinel 

harzburgite related to the decompression process due to the East Afrian Rift. But the round shape 

and the sharp boundary between inclusion and host spinel are not support the latter inference. 

Considering no comparable case from other locality, the author’s explanation needs to get more 

evidence from other aspects, for instance, phase-transit experiment mentioned above and trying to 

find more inclusions. 

 

Summary 
1) This study provides natural evidence for two GSTs obtained by previous experiments and 

deciphers another one and one anticipated ultra-high pressure and temperature spinel-phase zone. 

Three GSTs, defined as GST1, GST2 and GST3, reconstructs the layered structure of the mantle 

illustrated in Fig. 4. This interesting finding triggers us to re-estimate the structure of the earth and 

mineral-phase experiment. 

2) CFPP should be assumed as the naturally precise tool to determine the GST. 

3) The garnet inclusion-bearing spinel harzburgite from Lashaine (Tanzania) gives us the new 

understanding of garnet-spinel coexistent relationship and provides the first evidence for the 

existence of ultra-high pressure spinel. Its formation can be explained as recrystallized minerals 

hosting the interacted residue of ancient oceanic lithosphere subducted into the great depth just 

within the field between GST2 and GST3. 
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Figure Caption 

 

Fig. 1 A compilation of experimental data on the garnet-spinel transition in the Earth’s mantle. GN, 

Gasparik and Newton (1984), KO, Klemme and O’Neill (2000), and W, Walter et al. (2002) based 

on the Cr-free system CaO-MgO-Al2O3-SiO2 (CMAS); RW, Robinson and Wood (1998), based on 

the natural sample; K, Klemme (2004), based on the Al-free system (MCrS: MgO-Cr2O3-SiO2); 

Cratonic geotherm from Menzies and Chazot (1995). 

 

Fig. 2 Petrographic features of spinel harzburgite from Lashaine (Tanzania). A, mineral assemblage 

of olivine, orthopyroxene and spinel hosting garnet inclusion; B, garnet inclusion in spinel showing 

sharp boundary without reaction texture; C, orthopyroxene inclusion in spinel; D, low-Cr spinel 

inclusion within orthopyroxene. 

 

Fig. 3 Pressure and temperature plot of global 231 garnet peridotite xenoliths from craton (134, open 

cycle) and off-craton (97, open triangle) and 198 orogenic garnet peridotites (cross) collected from 

138 literatures including more than 120 localities (see detail in Su, submitted). Oceanic and cratonic 

geotherms are from Menzies and Chazot (1995); Garnet-spinel transition line (CMAS) is from 

Klemme and O’Neill (2000); Garnet peridotite discontinuous zone shown as spinel (MCrS) is 

defined by dashed and bold lines drawn in this study based on the data distribution; Open square, 

estimated by mineral assemblage of olivine, orthopyroxene, clinopyroxene and spinel; Filled square, 

estimated by garnet-orthopyroxene inclusions. 

 

Fig. 4 Three GSTs’ position and depth in the layered-structure of the Earth’s mantle. 
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