
Ma�c Archean continental crust prohibited
exhumation of orogenic UHP eclogite
Richard Palin  (  richard.palin@earth.ox.ac.uk )

University of Oxford https://orcid.org/0000-0002-6959-0462
James Moore 

Earth Observatory of Singapore, Nanyang Technological University https://orcid.org/0000-0001-8912-
2730
Zeming Zhang 

Institute of Geology
Guangyu Huang 

State Key Laboratory of Lithospheric Evolution

Article

Keywords: UHP orogenic eclogite, Archean, subduction

Posted Date: March 19th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-127916/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-127916/v1
mailto:richard.palin@earth.ox.ac.uk
https://orcid.org/0000-0002-6959-0462
https://orcid.org/0000-0001-8912-2730
https://doi.org/10.21203/rs.3.rs-127916/v1
https://creativecommons.org/licenses/by/4.0/


1 

Mafic Archean continental crust prohibited exhumation of orogenic 1 

UHP eclogite 2 

 3 

Richard M. Palin1, James D. P. Moore2,3, Zeming Zhang4 and Guangyu Huang5 4 

1Department of Earth Sciences, University of Oxford, Oxford, OX1 3AN, United Kingdom 5 

2Earth Observatory of Singapore, Nanyang Technological University, Singapore 6 

3Institute of Geophysics, SGEES, Victoria University of Wellington, Wellington, New Zealand 7 

4Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037, China 8 

5State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese 9 

Academy of Sciences, Beijing 100029, China 10 

 11 

The absence of ultrahigh pressure (UHP) orogenic eclogite in the geological record older 12 

than c. 0.6 Ga is problematic for evidence of subduction having begun on Earth during the 13 

Archean (4.0–2.5 Ga). Many eclogites in Phanerozoic and Proterozoic terranes occur as 14 

mafic boudins encased within low-density felsic crust, which provides positive buoyancy 15 

during subduction; however, recent geochemical proxy analysis shows that Archean 16 

continental crust was more mafic than previously thought. Here, we show via petrological 17 

modelling that secular change in the composition of upper continental crust (UCC) would 18 

make Archean continental terranes negatively buoyant in the mantle before reaching UHP 19 

conditions. Subducted or delaminated Archean continental crust passes a point of no 20 

return during metamorphism in the mantle prior to the stabilization of coesite, while 21 

Proterozoic and Phanerozoic terranes remain positively buoyant at these depths. UHP 22 

orogenic eclogite may thus readily have formed on the Archean Earth, but could not have 23 



2 

been exhumed, weakening arguments for a Neoproterozoic onset of subduction and plate 24 

tectonics. Further, isostatic balance calculations for more mafic Archean continents 25 

indicate that the early Earth was covered by a global ocean over 1 kilometre deep. 26 

 27 

INTRODUCTION 28 

Eclogites are high-pressure (HP) metabasalts dominated by garnet and sodic clinopyroxene1 and 29 

typically occur as xenoliths in mantle-derived magmas (Type A), boudins/lenses within felsic 30 

gneiss terranes (Type B), blocks encased within tectonic mélange (Type C), or metamorphosed 31 

and exhumed slices of oceanic lithosphere (Type D)2. A subdivision of the eclogite facies is 32 

defined by pressure–temperature (P–T) conditions sufficient to transform quartz to coesite (~2.6–33 

2.8 GPa at ~500–900 °C), which is termed ultrahigh pressure (UHP) metamorphism3. At 34 

lithostatic pressures, this is achieved at depths of ~90–100 km below the Earth’s surface4. 35 

Geodynamic calculations show that mafic oceanic crust transported into the mantle at 36 

convergent plate margins cannot be exhumed by buoyancy alone after reaching ~50–60 km (P = 37 

1.4–1.8 GPa)5, although felsic continental crust remains positively buoyant to much greater 38 

depths (85–160 km; P = 2.6–5 GPa)6. These results corroborate observations from the rock 39 

record that most UHP mafic eclogite occurs in orogenic (Type B) geological settings3,7, where 40 

dismembered meta-mafic pods are encased within high-temperature/low-pressure felsic 41 

orthogneiss8. These mafic components represent dikes or sills intruded into the shallow levels of 42 

continental crust prior to collisional orogeny, with the leading edge of the continental margin 43 

thinned, subducted, metamorphosed, and exhumed after detachment from the preceding oceanic 44 

lithosphere9. By contrast, eclogite types A, C, and D represent fragments of exhumed oceanic 45 

crust5 are not genetically associated with continental crustal materials. 46 
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The oldest UHP continental (Type-B) eclogite on Earth (630 Ma) occurs in the Pan 47 

African orogenic belt, Southwestern Brazil7, although oceanic-type UHP eclogite has recently 48 

been reported from the c. 1.8 Ga Nagssugtoqidian Orogen of West Greenland10. Additionally, the 49 

oldest continental (Type-B) HP eclogite (c. 2.09 Ga) is located in Cameroon and formed during 50 

the Eburnian collisional orogeny11. These occurrences support the low density of felsic 51 

continental crust being a critical factor that allows exhumation of these subducted terranes back 52 

to the Earth’s surface12. Given multiple independent lines of evidence for subduction and 53 

collisional orogenesis having operated on Earth since at least the middle Archean (c. 3 Ga)14, the 54 

absence of (U)HP eclogite in the rock record older than c. 2 Ga is unexpected. 55 

In this study, we test the petrophysical implications of recent geochemical proxy analysis 56 

showing that juvenile continental crust on the early Earth was significantly more mafic than 57 

previously thought15,16. Thermodynamic phase equilibrium modelling of reconstructed bulk 58 

compositions for Archean, Proterozoic, and Phanerozoic upper continental crust (UCC) and 59 

continental basalt shows that the ‘point of no return’ for slivers of Archean continents 60 

transported to mantle depths is reached before the HP–UHP transition. By contrast, more silica-61 

rich Phanerozoic and Proterozoic UCC remains positively buoyant to much greater depths, and 62 

so may be readily exhumed. This secular change in density contrast is independent of hydration 63 

state and implies that UHP rocks likely formed on the early Earth by transport of crustal 64 

materials to mantle depths, yet could not be returned to the surface via buoyancy alone. 65 

 66 

MODELS OF SECULAR CHANGE IN CONTINENTAL CRUST COMPOSITION 67 

Early studies of continental crust composition using surface sampling, weighted compositions of 68 

stratigraphic successions, and/or crustal xenoliths produced conflicting interpretations due to the 69 
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different levels of exposure and tectonic histories of each studied region17,18. In response, ref. 19 70 

combined geochemical analyses with isotopic data to consider only juvenile lithological 71 

components and interpreted that the UCC has remained dacitic in bulk composition (SiO2 = 65–72 

67 wt. %) since c. 3.5 Ga (Fig. 1). However, recently, various geochemical proxies infer that the 73 

maficity (FeO + MgO) of UCC has shown greater change through time. Ref. 20 used changing 74 

Ti isotope and Ni/Co ratios of terrigenous sediments to suggest that Archean UCC had a 75 

relatively lower (andesitic) bulk SiO2 content of ~62 wt. % (Fig. 1). By contrast, ref. 15 used 76 

Cu/Ag ratios in glacial diamictites to show that the UCC contained significant volumes of mafic 77 

and ultramafic components at c. 3.0 Ga, and transitioned to a felsic-rock-dominated crust at c. 78 

2.4 Ga, with minimal change since (Fig. 1). These latter findings match calculated Rb/Sr ratios 79 

of juvenile volcanic and plutonic igneous rocks showing that the pre-3 Ga bulk continental crust 80 

was mafic in composition (~50 wt. % SiO2), and evolved to felsic values (~58 wt. % SiO2) 81 

during the Proterozoic21. This change is also consistent with c. 3.7–3.8 Ga immature clastic 82 

metasediments from the Eoarchean Isua complex, west Greenland, that have mafic 83 

compositions22, implying a SiO2-poor UCC (Fig. 2). 84 

Here, we undertook modelling to quantify the petrophysical implications of these 85 

interpretations that Archean UCC was more mafic than previously thought, which involved 86 

determining mineral assemblages and bulk densities for UCC lithologies in Type-B orogenic 87 

terranes that may be transported to mantle depths via subduction. As fluid content can control 88 

reaction progress during metamorphism, we considered both nominally anhydrous (NAn) and 89 

minimally hydrated (MHy) conditions, which represent endmembers of a spectrum of fluid 90 

contents documented in nature23. Calculations were also performed for anhydrous mantle 91 

pyrolite, and the density contrast between each lithology at any given P–T condition was used to 92 
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determine whether buoyancy-driven exhumation was possible24, assuming the crustal 93 

components could mechanically detach from the descending lithosphere25. 94 

Secular variation was initially modelled using the reconstructed lithological proportions 95 

for Archean (3 Ga), Paleoproterozoic (2.4 Ga), and Phanerozoic (0.3 Ga) UCC from ref. 15. 96 

Average compositions for greenstone/continental basalt of the same ages26 were considered as 97 

mafic intrusions into these continental terranes, thus representing a precursor condition for 98 

generating Type B orogenic eclogites. We chose the Archean UCC composition from ref. 15 99 

defined by komatiite–basalt–felsic rock proportions of 20:69:11, which produces a SiO2 content 100 

of ~51 wt. % matching independently calculated compositions of juvenile continental crust at 101 

that time (~50 wt. %)21. We subsequently applied a Monte Carlo analysis27 to determine the 102 

sensitivity of our results with respect to uncertainty in lithological components reported by ref. 103 

15 for UCC through time (see Supplementary Information; Figs. S4–S5). 104 

Representative profiles through each continental crust are given in Fig. 2, with the UCC 105 

representing the top third of each column27. While the composition of UCC is not always 106 

equivalent to the entire continental crust, we focused on this uppermost domain for two reasons. 107 

First, analogue29 and numerical30 modelling shows that it is UCC that is thinned and stretched at 108 

the leading edge of a terrane margin during continental subduction, and so is carried to eclogite-109 

facies conditions. Second, in the case of wholesale continental subduction, it is the uppermost 110 

surface of the slab that will be preferentially weakened and detached due to deformation and 111 

fluid–rock interactions at the plate interface31. All calculations were performed using the Gibbs 112 

free energy minimization program Theriak-Domino32 and thermodynamic dataset ds-62 (ref. 33). 113 

All modelling parameters are outlined in the Methods section. 114 

 115 
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RESULTS 116 

Plots of density versus P–T conditions for each crustal lithology, age, and hydration state are 117 

shown in Fig. 3. Modebox plots showing evolving phase proportions during metamorphism are 118 

given in Figs. S1–S3. If subducted UCC is minimally hydrated with aqueous fluid – as suggested 119 

by field investigation23 – basaltic intrusions of all ages transform to mafic eclogite (Fig. S1) and 120 

become denser than pyrolite at 2.2–2.3 GPa and 600–640 °C (Fig. 3A). Mafic Archean UCC 121 

follows a similar evolution during descent, becoming denser than surrounding mantle at ~2.4 122 

GPa (Fig. 3A); equivalent to ~75 km depth within the Earth and before the HP–UHP transition is 123 

crossed. Minimally hydrated granodioritic Phanerozoic and Proterozoic UCC contains jadeitic 124 

clinopyroxene, garnet, muscovite (phengite), and quartz/coesite at HP/UHP conditions, with or 125 

without rutile and glaucophane (Fig. S1). Calculated bulk-rock densities of 2.9–3.2 g/cm3 always 126 

show positive buoyancy compared to the upper mantle (3.35 g/cm3: Fig. 3A). A composite 127 

orogenic Type-B terrane with a UCC:basalt volume ratio of 90:10 would reach a point-of-no-128 

return of P ~ 2.3 GPa during the Archean (Fig. 3B), whereas more silica-rich Proterozoic and 129 

Phanerozoic crust remains positively buoyant up to at least ~3.5 GPa. 130 

Calculated P–T–density profiles for nominally anhydrous lithologies metamorphosed 131 

along this geotherm (Fig. 3C) are different to results obtained assuming fluid saturation. All 132 

mafic crustal components – including bulk Archean UCC – transform to eclogite (Fig. S2) and 133 

show densities of 3.45–3.55 g/cm3 (Fig. 3C), making them negatively buoyant compared to 134 

pyrolite. Intermediate Proterozoic and Phanerozoic UCC transforms to garnet-, kyanite-, and 135 

jadeite-bearing quartzofeldspathic gneiss during subduction (Fig. S2), which have a bulk density 136 

of 2.8–3.0 g/cm3 at P < 1.2 GPa and 3.0–3.1 g/cm3 at the HP–UHP transition (Fig. 3C). These 137 

younger UCC components thus never achieve negative buoyancy within the limits of this model 138 
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(P ~ 3.5 GPa) and may be readily exhumed if they can separate from the remainder of the 139 

sinking slab. A plot of bulk-terrane density for nominally anhydrous crustal components (Fig. 140 

3D) shows that an Archean UCC that is mafic in composition always remains negatively buoyant 141 

compared to pyrolite. By contrast, both Proterozoic and Phanerozoic terranes have lower 142 

densities (~2.9–3.2 g/cm3) than surrounding mantle, akin to model results for minimal fluid 143 

saturation (Fig. 3B). The results of Monte Carlo sensitivity analysis support these data, with 144 

~90% of randomised Archean UCC compositions showing the same shift from positive to 145 

negative buoyancy during descent before the HP–UHP transition is reached (Fig. S5). 146 

 147 

DISCUSSION 148 

The age of onset of plate tectonics on Earth is strongly debated14, but relies fundamentally on 149 

identifying evidence for subduction having operated at different points in time. Many reliable 150 

indicators of subduction are petrological, such as blueschists, which only form along cold 151 

geothermal gradients34; however, no blueschists occur in the geological record before c. 0.8 Ga35. 152 

UHP metamorphism is also diagnostic of transporting crustal materials into the mantle8. The 153 

oldest UHP eclogite on Earth formed at a similar time (c. 0.6 Ga) to the oldest blueschists, which 154 

has spurned arguments for a very recent onset of plate tectonics36. Nonetheless, older HP eclogite 155 

in orogenic terranes occurs as far back in the rock record as c. 2.09 Ga10 and provides clear 156 

evidence for convergent margin processes during the Proterozoic. 157 

Calculated densities for different continental terranes in this work (Fig. 3B, D) show that 158 

the reported high maficity of Archean UCC would have prohibited buoyancy-driven exhumation 159 

once UHP conditions were reached. While we consider subduction as the transport mechanism, 160 

as many lines of evidence support its operation during the Archean37, our results notably hold 161 
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true even if transport into the mantle occurred via dripping or delamination of lower crust in a 162 

stagnant lid geodynamic regime38. Metamorphic phase changes in low- and high-MgO Archean 163 

metabasalt experiencing ‘sagduction’-type vertical transport into the mantle shows that eclogite-164 

facies assemblages acquire negative buoyancy before the HP–UHP transition is reached39. The 165 

paucity of felsic material at lower crustal levels27 (Fig. 2) further reduces the likelihood of these 166 

drips returning to the surface, unless driven by external forces. For subduction of a thinned 167 

continental margin immediately before collisional orogenesis, akin to formation of UHP 168 

eclogites in the Himalayan Range9, we also note that our modelling focuses on the density of the 169 

UCC only, not the entire subducted slab. Nonetheless, field-based investigations and numerical 170 

modelling studies show that formation of UHP orogenic eclogite must involve whole-scale 171 

detachment of the continental terrane from the subducting mantle lithosphere due to localized 172 

strain weakening/grain size reduction, hydration, or melting5,25. If the proto-exhumed terrane 173 

cannot mechanically detach from the downgoing root, the relative density contrast between UCC 174 

and pyrolite (Fig. 3) becomes irrelevant, as total slab density will always exceed that of 175 

surrounding mantle. This confirms the importance of secular compositional variation when 176 

interpreting changes in geodynamic processes through time40, as the absence of (U)HP eclogite 177 

in Archean terranes is often alternatively attributed to overprinting following exhumation. 178 

The Archean continental crust being more mafic than previously assumed has several 179 

broader implications for early Earth tectonics and continental hypsometry. Geodynamic models 180 

of the early Earth often assume continental crust to be broadly felsic and employ wet quartzite 181 

flow laws41; however, if volumetrically dominated by basalt15, a diabase flow law would be more 182 

appropriate. Further, when considering secular changes in both maficity and mantle potential 183 

temperature42, the material strength of the Archean continents is markedly different to 184 
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Phanerozoic equivalents. Calculated yield strength envelopes43 reveal (Fig. 4A) that Archean 185 

continental crust is contiguous in strength, exhibiting a “crème brulee” type of behaviour, as 186 

opposed to the Phanerozoic “jelly sandwich” model with a weak lower crust44. Indeed, its 187 

mechanical properties more closely resemble those of modern oceanic crust than modern 188 

continents, with this relationship holding true for both nominally anhydrous and minimally fluid 189 

saturated end-member scenarios (Fig. 4A). 190 

Models for vertical transport of lower crustal continental material into the mantle are 191 

characterised by two end members45: short-wavelength drips (e.g. Rayleigh-Taylor instabilities) 192 

or longer-wavelength ‘peels’ (e.g. delamination). A prerequisite for delamination is the presence 193 

of a weak layer at the point of separation45, thus allowing the lower continental crust to 194 

rheologically separate into contiguous layers. However, as the calculated yield strength envelope 195 

(Fig. 4A) for a mafic Archean continental crust does not exhibit a pronounced weak layer, unlike 196 

Phanerozoic continental crust, this implies that the primary mechanism for recycling of 197 

continental material into the mantle was dripping, in agreement with geodynamical models46 . 198 

Finally, the above-average density (~2.87 g cm-3) and reduced thickness of Archean continents 199 

compared to Phanerozoic continents (Fig. 2) lowers the average isostatic elevation of the former 200 

by around 2.2 km relative to that of the present day (Fig. 4B)47. This implies that the early Earth 201 

was likely covered by a global ocean with an average depth over the continental surface of −1.3 202 

km, in agreement with recent isotopic data48. The transition to more felsic continental crust at the 203 

end of the Archean (Figs 1–2) and the resulting change in isostatic balance supports models of 204 

changing freeboard over time that imply a Late Archean (c. 2.5 Ga) emergence of the 205 

continents49. This, in turn, facilitated the onset of the Great Oxygenation Event soon 206 

afterwards50, paving the way for the development of complex life on Earth. 207 
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METHODS 208 

Petrological modelling 209 

Petrological modelling used to investigate the metamorphic phase transformations and density 210 

variations in all rock types was performed using Theriak-Domino32 and the internally consistent 211 

thermodynamic dataset ds-62 (ref. 33). Phase equilibria for pyrolite51 were calculated in the 212 

Na2O–CaO–FeO–MgO–Al2O3–SiO2–O2–Cr2O3 (NCFMASOCr) system using activity–213 

composition (a–X) relations for olivine, garnet, clinopyroxene, orthopyroxene, spinel, 214 

plagioclase, and ultramafic silicate melt52. Phase equilibria for all crustal materials were 215 

calculated in the Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O2 (NCKFMASHTO) 216 

system using a–X relations for: clinopyroxene (diopside–omphacite–jadeite) and clinoamphibole 217 

(glaucophane–actinolite–hornblende)53; garnet, biotite, chloritoid, muscovite–paragonite, and 218 

chlorite54; epidote33; plagioclase55; and ilmenite56. Pure phases included aqueous fluid (H2O) talc, 219 

lawsonite, kyanite, quartz, rutile, titanite, and albite. 220 

Two end-member hydration states were used for each crustal lithology: nominally 221 

anhydrous (NAn) and minimally hydrated (MHy). The former considered 1 mol. % H2O within 222 

the bulk-rock composition, after ref. 15, and the latter considered a lithology-specific fluid 223 

content that allowed minimal free H2O within the equilibrium phase assemblage during 224 

subduction. For mafic lithologies, this was ~10–13 mol. % (Table S2), which is comparable to 225 

measured H2O contents in modern-day hydrated oceanic crust57. A bulk-rock Fe3+/Fetotal ratio of 226 

0.1 was applied to all rock types based on refs. 58 and 59; however, variation within the bounds 227 

of accepted uncertainty is unlikely to have any significant effect on calculated phase equilibria 228 

and/or petrophysical properties. Calculations were performed using pressure–temperature (P–T) 229 

conditions defined for the slab surface of subducted crust in an ‘average’ subduction zone60, 230 
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which was defined from a compilation of exhumed (U)HP blueschist- and eclogite-facies rocks 231 

in Phanerozoic and Proterozoic terranes. This geotherm, however, is comparable to that 232 

purported for the late Archean based on geochemical modeling of tonalite–trondhjemite–233 

granodiorite magma petrogenesis61, so is considered here for subducted crusts of all ages to 234 

allow direct comparison of density profiles. 235 

Sensitivity analysis of the uncertainty on UCC density and metamorphosed petrological 236 

constitution based on uncertainty in pre-subduction lithological proportions for Archean terranes 237 

was performed as outlined in the Supplementary Information. This analysis demonstrates that the 238 

‘depth of no return’ for most plausible iterations of subducted Archean UCC occurs consistently 239 

(~90% of all randomized bulk compositions) before the HP–UHP transition is reached. 240 

 241 

Lithospheric strength modelling 242 

We calculate yield strength envelopes43 where failure is assumed to occur either by brittle 243 

deformation, governed by Byerlee’s friction coefficients62, or ductile flow63 of the form 244 

,    (1) 245 

where 𝜖̇ represents strain rate (taken to be 10-14 s-1),  deviatoric stress, P and T are pressure and 246 

temperature, respectively, R is the gas constant, and (A, E, V, n) are material parameters. We use 247 

a thermal model39 for Archean and Phanerozoic lithosphere with mantle potential temperatures 248 

of 1650 °C and 1330 °C, respectively42, and material parameters for olivine64, diabase65, and 249 

quartzite66 for the structures illustrated in Fig. 4A. Material parameters for dry and wet flow laws 250 

are utilised for the nominally anhydrous and minimally hydrated end-member cases. 251 

 252 

Isostatic balance calculation 253 
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At the length scales of the continents, flexural effects may safely be neglected67 and we model 254 

isostasy using a vertical balance, incorporating aspects of Airy68 and Pratt69 isostasy. The 255 

pressure at the depth of compensation, Dc, (Fig. 4B) beneath oceanic lithosphere is given by  256 

,    (2) 257 

and that for continental lithosphere in the Phanerozoic  258 

,   (3) 259 

where  = density; w = water; o = oceanic lithosphere; m = asthenospheric mantle; c = 260 

phanerozoic continental crust; ho = water depth, hc = topographic expression of the continents; To 261 

and Tc = thickness of the oceanic and continental crust respectively; and g = acceleration due to 262 

gravity. As the pressure will be equal at the depth of compensation, we can equate these two 263 

expressions and rearrange to solve for the average topographic expression of the continents, hc, 264 

   (4) 265 

For typical values (Table S3) of Phanerozoic crust we retrieve values close to that of average 266 

modern continental topography (900 m) and adjusting the crustal thickness by 800 m produces 267 

an exact match. We then apply this model to Archean crustal values (Table S3), and replace the 268 

continental density c with 269 

,   (5) 270 

with cA = density of Archean crust, and  represents the basalt volume fraction in Archean 271 

continental crust. However, we retrieve a negative value (−1.2 km) for the average topography, 272 

indicating the continents were submerged. This violates our assumption that the continents were 273 

above the ocean surface and requires two modifications to the model: firstly, the water would 274 

represent an additional load in the isostatic balance calculation, and secondly, redistributing the 275 
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volume of water across the whole planet would reduce the average water depth (ho) over oceanic 276 

crust. Accounting for the redistribution of water and reversing the polarity of hc as it now 277 

represents water depth above the continents gives 278 

 ,  (6) 279 

with hoA the water depth over Archean oceanic crust and hcA the water depth over Archean 280 

continental crust. Here, we have assumed here that the volume of water present on the Earth 281 

during the Archean was no less than it is in the present day, as any additional volume would 282 

serve only to increase the water depth uniformly everywhere. Hence, equation (4) can be 283 

reframed as: 284 

,   (7) 285 

and hcA is interpreted as a lower bound on Archean water depth. When applied to Archean 286 

parameters (Table S3) we retrieve an average water depth over the continents of 1.3 km and a 287 

reduction in water depth over the oceans of 600 m relative to present day values. 288 

 289 

DATA AVAILABILITY 290 

All data required to reproduce the results of our modelling is provided in the Methods section 291 

and Supplementary Information. 292 

 293 

CODE AVAILABILITY 294 

Codes for reproducing the isostatic balance calculation and yield strength envelopes may be 295 

found at www.jamesdpmoore.com. 296 

 297 
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FIGURES 477 

 478 

 479 

Figure 1. Total alkali–silica diagram showing bulk compositions of crustal lithologies 480 

considered in this study. Representative compositions are shown for upper continental crust 481 

(UCC) and continental basalt (BAS) of Archean (3 Ga), Proterozoic (2.4 Ga), and Phanerozoic 482 

(0.3 Ga) age. 483 
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 484 

 485 

Figure 2. Secular change in continental crust structure, lithology, and composition through 486 

time. Secular changes in reconstructed composition, thickness, and petrological components are 487 

emphasised. Phanerozoic and Proterozoic profiles modified with permission after ref. 13. 488 
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 489 

 490 

Figure 3. Calculated density profiles along a typical subduction zone geotherm. Values for 491 

(A) minimally hydrated (MHy) continental crust and basalt and a (B) composite terrane with 492 

volume proportions of these lithologies in the ratio 90:10, respectively, during metamorphism 493 

along an average subduction zone pressure–temperature (P–T) path. (C–D) As for parts A–B, but 494 

for nominally anhydrous (NAn) equivalents of each lithology. 495 
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 496 

 497 

Figure 4. Rheological and hypsometric implications of changes in continental crust 498 

composition. (A) Yield strength envelope (YSE) for Archean (red) and Phanerozoic (blue) 499 

lithosphere under nominally anhydrous (NAn, solid lines) and minimally hydrated (MHy, dashed 500 

lines) conditions. The relative strength of the lithosphere and rheology employed to generate the 501 

YSE are shown for reference. TP = mantle potential temperature. (B) Schematic cross sections 502 

through Archean and Phanerozoic lithosphere demonstrating changes in hypsometry under 503 

isostatic equilibrium.  = density; w = water; o = oceanic lithosphere; m = asthenospheric 504 

mantle; c = Phanerozoic continental lithosphere;  = basalt fraction in Archean continental crust. 505 
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Figures

Figure 1

Total alkali–silica diagram showing bulk compositions of crustal lithologies considered in this study.
Representative compositions are shown for upper continental crust (UCC) and continental basalt (BAS) of
Archean (3 Ga), Proterozoic (2.4 Ga), and Phanerozoic (0.3 Ga) age.



Figure 2

Secular change in continental crust structure, lithology, and composition through time. Secular changes
in reconstructed composition, thickness, and petrological components are emphasised. Phanerozoic and
Proterozoic pro�les modi�ed with permission after ref. 13.



Figure 3

Calculated density pro�les along a typical subduction zone geotherm. Values for (A) minimally hydrated
(MHy) continental crust and basalt and a (B) composite terrane with volume proportions of these
lithologies in the ratio 90:10, respectively, during metamorphism along an average subduction zone
pressure–temperature (P–T) path. (C–D) As for parts A–B, but 494 for nominally anhydrous (NAn)
equivalents of each lithology.



Figure 4

Rheological and hypsometric implications of changes in continental crust composition. (A) Yield strength
envelope (YSE) for Archean (red) and Phanerozoic (blue) lithosphere under nominally anhydrous (NAn,
solid lines) and minimally hydrated (MHy, dashed lines) conditions. The relative strength of the
lithosphere and rheology employed to generate the 501 YSE are shown for reference. TP = mantle
potential temperature. (B) Schematic cross sections 502 through Archean and Phanerozoic lithosphere
demonstrating changes in hypsometry under isostatic equilibrium. p = density; w = water; o = oceanic
lithosphere; m = asthenospheric mantle; c = Phanerozoic continental lithosphere; p = basalt fraction in
Archean continental crust.
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