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Abstract
The formation of mountain belts (orogens) raises rocks above sea level and makes them available for
chemical weathering, altering the composition of the atmosphere and oceans, which in turn control
habitability. The typical elevation of mountain belts through time depends on their crustal thickness,
which depends on crustal strength and tectonic style, which both changed during secular cooling of
Earth's interior. Here we show that the thickness of orogenic crust has increased, in two pulses, around
2.2 and 0.8 billion years ago, adding c. 30 km to the orogenic crust each time. To this end, we used
pressure estimates from metamorphic rocks that tectonically or magmatically rose up from the base of
orogenic belts. We postulate that these changes resulted from geological responses to subduction and
collision processes in a cooling Earth. The two orogenic growth spurts correspond to coeval major
increases in terrigenous element and nutrient fluxes, changes in biological sulfur metabolism, and
oxygenation, which can be explained by the enhanced weathering of taller mountains. This suggests
first-order mechanistic links between secular geodynamic change, changes in Earth system state and
habitability, which shaped the conditions for the evolution of complex life.

Introduction
Continental silicate weathering controls the oceanward flux of carbon and bioactive nutrients that limit
marine primary productivity, thus exerting a control atmospheric chemistry, climate, and marine biomass
and biodiversity1,2. The majority of the global terrigenous runoff derives from mountainous regions3. On
regional scale and in the short term, the mass flux from such regions is a function of mean surface
temperature, humidity, relief-runoff relationships, rates of topographic decay, weatherability and other
orogen-specific factors4,5. On a global scale and in the long-term, the time-integrated mass flux of
sediment from the continents to the oceans is coupled to the prevalence and maximum elevation of
mountain ranges. This sedimental yield is controlled by erosion above 3 km altitude3,6and scales
exponentially with mean drainage-basin elevation4. Terrain elevation in mountain belts is controlled by
the shear stress on plate contacts, and relates to the thickness and density of the orogenic crust across
tectonic settings7,8. Both factors have changed considerably with time. The surface area of the
continental crust increased and the crust has emerged more prominently above sea level since 3.5
Ga9,10,11 and significant amounts of seawater have been increasingly lost to the mantle through the
subduction-driven recycling of hydrated oceanic lithosphere12. These changes form the backdrop to the
many changes that have affected the Earth system state during and since then (Supplementary Note 1).
Nevertheless, causal links are still largely unknown.

Answers to pertinent questions in this context require time-resolved, (semi-)quantitative record of crustal
thickness in mountainous regions. However, two main issues complicate obtaining such record. Firstly,
the geological record is intrinsically discontinuous due to the cyclical nature of tectonic processes,
resulting in uncertainty about the presence and state of mountain belts during certain time periods.
Secondly, there is significant difficulty in reconstructing the paleo-depth of the crust-mantle boundary
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(Mohorovičić discontinuity or Moho). Bulk-rock chemical indices for Moho depth in igneous rocks (e.g.,
Sr/Y, La/Yb) may work well in modern arcs13, but may not be reliable in non-arc settings, and alternative
approaches, such as zircon Eu anomalies and other rare earth element-based indices, depend too
strongly on case-specific parameters to enable their use in the investigation of global phenomena and
secular change14. However, the metamorphic rock record is a largely untapped resource in this regard.
Within the borders set by its characteristics, limitations and caveats (Supplementary Note 2), this record
may provide key information on the conditions and depths of the basal parts of orogenic systems, and
changes in these parameters with time. Here, we use P estimates from the metamorphic record (Fig. 1)
to investigate the secular evolution of orogenic thickness.

Metamorphic Mohometry
Orogenic crustal thickness is related to the tectonic process by which orogenic systems develop. On the
one hand, orogens can develop ‘intraplate’, where the entire lithosphere is shortened and thickened, and
crustal thickening and horizontal shortening are directly linked. Such intraplate orogenic processes
typically occur often above subduction zones (Andes, Rocky Mountains, Tibetan Plateau) and within
plates (Tien Shan, Atlas), and are related to far-field stresses acting at plate boundaries or at the base of
the lithosphere15,16. The thickness of the ensuing crust depends on its strength and, in present-day
setting, is regionally up to c. 60 km. On the other hand, orogens may develop in an accretionary fashion,
by which tectonic slices of up to several kilometers thick are scraped off the subducting lithosphere and
stacked up to form thick orogenic wedges16. If subducting lithosphere is oceanic, such wedges reach
30-40 km (e.g., Japan17), but if continental margins subduct, the thickness of the accreted upper crust
increases rapidly (e.g., Himalaya). Moreover, the subducting continental crust may horizontally
underthrust the already thickened upper plate, leading to orogenic crust as thick as 85 km (e.g., Tibet18). 

The metamorphic record in these different types of orogens can be fundamentally different, the main
difference being that in intraplate orogeny all rocks remain part of the orogenic pile, whereas during
accretionary orogeny, much of the lower-plate lithosphere may become subducted into the mantle. In the
latter, accreted rock slices of oceanic and continental margin provenance may be particularly deeply
subducted and are either lost to the mantle or become exhumed as small (<1,000 km2) ultrahigh-
pressure (UHP) terranes that record fast burial (<5 Myr) and rapid, buoyancy-driven exhumation (3-6 cm
yr-1; e.g., UHP terranes in Ladakh, Western Alps, Papua New Guinea19). Continental lithosphere behaves
fundamentally differently due to its strength and buoyancy. Continental crust can be buried into the
mantle, but – unlike with oceanic or transitional lithosphere – deep continental subduction only
represents a transient state that occurs during the first few million years during which a continental
margin may get dragged down into the mantle by a still-attached subducting oceanic slab20. This

process is reflected by low-T/P (<250 °C GPa-1) or exceedingly high-P (>3.3 GPa) outliers in the P-T
record of quintessential continental (U)HP terranes, such as the Western Gneiss Complex in Western
Norway22. Overwhelmingly more common in the metamorphic record of deeply buried continental
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terranes are the regional high-T (U)HP conditions22 (>700 °C, T/P of 250-400 °C GPa-1; Fig. 2), which are
imparted when the buried crust bounced back up, stalls at the base of the orogenic wedge following slab
breakoff, and is heated up and pervasively overprinted21. Upon this stalling, parts of the continental crust

may be thrust further beneath the orogenic hinterland23, as occurred in Cenozoic time in the Zagros
Mountains24, Taiwan25, Anatolia23 and the Tibetan Plateau18. Other parts detach and exhume over 15-30
Myr as large (U)HP complexes (>2,000 km2) within foreland-directed thrust belts19. These complexes are
unique witnesses to the deep processing of continental crust at the base of orogenic wedges. Relics of
this deep processing manifest as “hot eclogites” – mafic (U)HP rocks of continental provenance
enclosed in felsic migmatites, granulites, and orthogneisses. Such rocks occur in the rock record since
at least 1.9 Ga (Supplementary Note 2), providing an archive for investigating the dynamics and depths
of ancient orogenic root zones.

The metamorphic record that was investigated in this study includes existing and new thermobarometric
and chronometric data obtained for global metamorphic rocks of continental provenance
(Supplementary Notes 2, 3). For chronometric data, we focus on high-precision Lu-Hf and Sm-Nd garnet
ages where available, given that these may more unequivocally date metamorphism (Supplementary
Note 2). Key, in this regard, are the maximum regional pressures in each time slice, which provide a
record of depth and crustal thickness. Eclogites in Phanerozoic continental (U)HP terranes record
consistent peak-P conditions of 2.8-3.3 GPa, exceeded only by local occurrences of rocks reflecting early
transient passage into the mantle. These conditions indicate a relatively common processing depth at
the base of accretionary orogens, which—assuming lithostatic conditions—would be c. 90 km. This
estimate matches closely the maximum crustal thickness estimated for the Pamir and Himalaya, which
comprise the largest and thickest accretionary orogen that is still active (c. 85 km26,27). Such P
conditions are not recorded by continental rocks buried in the large, hot orogens of the Proterozoic.
Instead, these record a relatively consistent maximum P of c. 2 GPa. With deep burial of continental
crust into the mantle likely impeded in these orogens due to lithospheric unzipping and shallow slab
break-off23,28,29 , this P likely represents the maximum depth of Proterozoic root zones and would
correspond to a depth of 55-60 km (Figs. 1,2), which is consistent with the maximum crustal thickness
estimated for the Grenville (1.2-0.9 Ga), Picuris (1.47-1.37 Ga), Yavapai (1.72-1.69 Ga) and the Trans-
Hudson (2.1-1.8 Ga) orogens using seismic restoration and chemical proxies30,31,32,33. These
observations signify internal consistency among these various estimates and validate the geological
interpretation of regionally peak conditions recorded by continental (U)HP terranes. Deep (>40 km)
burial-exhumation cycles are not reflected in the rock record prior to the Neoarchean (Figs. 1,2), where
consistent peak P estimates would indicate maximum burial depths of c. 35 km in the Neoarchean and
30 km before this time. Pre-Neoarchean TTGs reflect melting of garnet- and rutile-bearing lower-crustal
residues34,35, which could indicate that the crust was locally thicker. This apparent discrepancy may
signify that such deep would have comprised dense residual eclogite that was gravitationally unstable
and thus was more prone to be lost to the mantle via delamination than to exhumed to the surface. This
loss would have been exacerbated by the relatively high mantle potential temperatures and higher
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crustal densities in the Archean, which would further favour the development of gravitational instabilities
at the Moho36,37 and thus maintain delamination as an effective means of crustal recycling during this
time35,38. 

Crustal thickness and elevation correlate as a function of mean crustal density across geological
settings, and with crustal compositions and age7. Using this empirical correlation, the crustal
thicknesses indicated by P estimates can be recast into first-order estimates of paleo-elevation.
Assuming an average density of 2.83 g cm-3 for modern andesitic continental crust39, we compute
paleo-elevations. To illustrate, a maximum Moho depth of c. 85 km estimated for the modern Pamir and
Himalaya based on geophysical observations26,40 indicates an elevation of 8.8-0.7

+0.7 km above sea-level,

which is indistinguishable from the elevation of the world’s three highest peaks Mt. Everest (8,848 m), K2
(8,661 m) and Kangchenjunga (8,586 m). The same calculations would yield a consistent elevation of
5.0-0.6

+0.6 km for the large hot orogens of the Proterozoic. A theoretical elevation of 1.4-0.5
+0.4 km would

be estimated for the Neoarchean, whereas an estimate of -0.1-0.4
+0.4 km c would be obtained for the

Eoarchean, assuming an a more mafic average Archean (proto-)crust before 3.0 Ga with an average
density37 of 2.87 g cm-3 and a gradual transition to an andesitic average crust between 3.0-2.5 Ga40,41.
Whether these estimates are to be considered quantitatively depends on whether mean sea level can
reasonably be assumed to be constant. This assumption is valid for the Phanerozoic, when mean sea
level likely did not differ by more than 300 m from that of present-day43 (van der Meer et al., 2022). A
case could be made that this also applies to the Proterozoic, given that the factors that determine mean
sea level – ocean volume, continental lithosphere volume and density relative to that of oceanic
lithosphere, thickness of oceanic crust and relative height of spreading centers – are controlled by the
geodynamic regime, which has been kept at steady state by plate tectonics. For the Archean, however,
mean sea level likely was vastly different, because (1) the crustal portion of the oceanic lithosphere was
much thicker44, (2) the oceans were more voluminous (c. 1.5 times) due to sea water not yet having been
recycled back significantly into the mantle12, and (3) the Archean (proto-)continental crust was more
mafic, thus causing lower crustal elevation through density inversion from widespread lower-crustal
eclogitization10. It is thus remarkable or perhaps coincidental that the onset of crustal thickening
capable of sustaining widespread emergence, as indicated by the metamorphic record, was broadly
synchronous with emergence as indicated by O isotopes in shales, and Sr isotopes in of marine
carbonates and stratiform barite deposits (3.5-3.0 Ga11,45. 

Orogenic growth spurts - causes and consequences
The evolution of metamorphic processes and conditions has long been recognized as being
discontinuous, with two major revolutions ultimately driven by the secular cooling of the mantle29,44. The
first of these revolutions (R1) occurred in the Meso- or Neoarchean, when the global geodynamic regime
shifted from being dominated by stagnant-lid behavior and delamination to one characterized by
horizontal plate motion involving subduction and crustal thickening28,46. Widespread “paired
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metamorphism”—with intermediate-T/P metamorphism (c. 300 °C GPa-1) in lower plates and high-T/P
metamorphism (>600 °C GPa-1) in upper plates of active margins—is a clear manifestations of this

tectonic change46,47, as are the widespread formation of passive margins48, the assembly and
reorganization of large continental landmasses, and the production of large, long-lived orogens formed
by accretion and intraplate thickening49. Towards the end of the Proterozoic, steady cooling of the
mantle resulted in a myriad of geodynamic changes as part of the second revolution (R2), including (1)
deeper slab break-off and increased slab pull, (2) a thicker oceanic lithosphere capable of coherent, long-
term subduction, and (3) a departure from default lithospheric unzipping in orogens, leaving in its place
the downward force needed to subduct buoyant crust into the mantle in accretionary orogens23,28,29.
These changes marked the terminus of the “hot orogens” of the Proterozoic, with their characteristic
ultrahigh-temperature metamorphism and massif-type anorthosites, and the establishment of the
modern geodynamic regime, expressed in the metamorphic record as the emergence of continental
(U)HP rocks, and low-T/P (<300 °C GPa-1) oceanic blueschists and eclogites29. The deep underthrusting
of continental margins that has been prevalent since R2 invited the formation of large accretionary
orogens that were built from off-scraped slivers of continental margin material and represent the
thickest orogens ever made. Evaluation of the metamorphic record shows that revolutions 1 and 2 each
represented an irreversible “growth spurt” after which the crust in orogenic belts became up to twice as
thick and supported c. 4 km of additional elevation. The growth spurt associated with R1 resulted in
emergence and the formation of the first mountainous regions, whereas the R2 growth spurt caused a
shift from orogens with intermediate-altitude (c. 4 km) terrain to high-altitude mountain ranges akin to
the present-day Pamir-Himalaya-Tibet orogen.

Causes for environmental upheaval culminating into the Great Oxygenation Event (GOE) and the
Neoproterozoic Oxygenation Event (NOE; Fig. 1) have been sought in various external forcing
mechanisms, such as increased runoff due to supercontinent breakup, enhanced weathering of basaltic
rocks at low latitude, and a dwindling CO2 flux from arc volcanism (Supplementary Note 1). Although
each a valid hypothesis, these processes are largely transient, which does not match the irreversible
nature of global oxygenation. Their role as fundamental external forcing on the environment can be
further called into question, because they are not restricted to the periods leading up to the GOE and
NOE; similar processes have occurred throughout Earth’s history seeming without any major
environmental consequence. The apparent absence of time-consistent external-forcing mechanism in
the geologic record inspired the development of models that can explain global oxygenation through
internal biochemical feedbacks50. In contrast to all of these processes, the orogenic growth spurts that
occurred as part of tectonic revolutions R1 and R2 match—in their timing, duration, pace, paucity and
irreversibility—the major events of environment upheaval, including both global oxygenation events and
rapid increases in biological S metabolism, with the two most intense icehouse episodes in Earth’s
history occurring in their wake (Fig. 1; Supplementary Note 1). 

Coevolution of orogenic processes and the Earth system state can be expected for several reasons. First
and foremost, the growth spurts would have raised global terrigenous runoff and nutrient fluxes. For the
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first growth spurt, this effect would be compounded by continental emergence and crustal growth, which
would both have raised continental weatherability. The sediment flux increases are clearly reflected in
seawater Sr records, which show drastic increases in the proportion of terrigenous strontium (Sr) relative
to the total Sr delivered to the oceans during the growth spurts – c. 70% during the first and 40% during
the second (Fig. 1). Similar changes would apply to phosphorous (P), because P and Sr are similarly
incompatible and enriched in the upper crust and are both sequestered in relatively weatherable
carbonate and phosphate minerals. The enhanced terrigenous element flux would have directly raised
primary productivity, given that the P supply is rate-limiting and terrigenous runoff contains many other
bioactive (micro-)nutrients such as Ba, Zn, Fe, and Si. This effect would be amplified by an increase in the
SO4

2- supply available for the release of bioactive P from re-mineralizing marine biomass51.

Consequences of an enhanced flux of P would have been particularly impactful in Archean surface
waters, where P concentrations were particularly low as a result of anoxic and ferrigenious conditions
favoring Fe-P trapping and P exhaustion through photoferrotrophy51,52. Major biological innovation in
response to these flux increments is demonstrated by the S isotope record of marine pyrite, which
reflects concomitant increases in S metabolism, each followed by an increase in global biomass and
biodiversity (Fig. 1). Other effects of raising mountains would have been: 1) oxygenation from increased
burial of organic carbon53, 2) an increased CO2 flux to the atmosphere from accelerated oxidative
weathering of rock-bound organic carbon (Zondervan et al., 2023), and 3) increased pH and salinity of
ocean waters from an enhanced terrigenous supply of alkali metals. These many feedbacks show that
the orogenic growth spurts identified through the metamorphic record should be considered as a
possible endogenic driver for the development of a habitable environment during the past 3 billion years.

Declarations
Acknowledgements

Financial support was provided by the National Science and Engineering Research Council of Canada
(Discovery Grant RGPIN-2020-04692 and Accelerator Grant RGPAS-2020-00069 to M.A.S.). We are
grateful to M.J. Whitehouse for sample access and fruitful discussions.

References
1. Planavsky, N.J., Rouxel, O.J., Bekker, A. et al. The evolution of the marine phosphate reservoir. Nature

467, 1088–1090 (2010). https://doi.org/10.1038/nature09485

2. Penman, D.E., Caves Rugenstein, J.K., Ibarra, D.E. et al. Silicate weathering as a feedback and forcing
in Earth’s climate and carbon cycle. Earth Science Reviews 209, 103298 (2020)
https://doi.org/10.1016/j.earscirev.2020.103298

3. Milliman, J.D. & Syvitski, J.P.M. Geomorphic/Tectonic Control of Sediment Discharge to the Ocean:
The Importance of Small Mountainous Rivers. The Journal of Geology 100, 525–544 (1992).
https://doi.org/10.1086/629606



Page 8/15

4. Hay, W.W. Detrital sediment fluxes from continents to oceans. Chemical Geology 145, 287–323
(1998). https://doi.org/10.1016/s0009-2541(97)00149-6

5. Hartmann, J., Moosdorf, N., Lauerwald, R. et al. Global chemical weathering and associated P-
release — The role of lithology, temperature and soil properties. Chemical Geology 363, 145–163
(2014). https://doi.org/10.1016/j.chemgeo.2013.10.025

6. Lipp, A., Shorttle, O., Sperling, E. et al. The composition and weathering of the continents over
geologic time Geochemical Perspectives Letters 17, 21–26 (2020).
https://doi.org/10.7185/geochemlet.2109

7. Lee, C.-T.A., Thurner, S., Paterson, S. et al. The rise and fall of continental arcs: Interplays between
magmatism, uplift, weathering, and climate. Earth and Planetary Science Letters 425 (2015). 105–
119. https://doi.org/10.1016/j.epsl.2015.05.045

8. Dielforder, A., Hetzel, R. & Oncken, O. Megathrust shear force controls mountain height at
convergent plate margins. Nature 582, 225–229 (2020). https://doi.org/10.1038/s41586-020-2340-7

9. Cawood, P.A. & Hawkesworth, C.J. Continental crustal volume, thickness and area, and their
geodynamic implications. Gondwana Research 66, 116–125 (2019).
https://doi.org/10.1016/j.gr.2018.11.001

10. Tang, M., Chen, H., Lee, C.-T.A. et al. Subaerial crust emergence hindered by phase-driven lower crust
densification on early Earth. Science Advances 10, eadq1952 (2024).
https://doi.org/10.1126/sciadv.adq1952

11. Roerdink, D.L., Ronen, Y., Strauss, H. et al. Emergence of felsic crust and subaerial weathering
recorded in Palaeoarchaean barite. Nature Geoscience 15, 227–232 (2022).
https://doi.org/10.1038/s41561-022-00902-9

12. Magni, V., Bouilhol, P. & van Hunen, J. Deep water recycling through time. Geochemistry, Geophysics,
Geosystems 15, 4203–4216 (2014). https://doi.org/10.1002/2014gc005525

13. Luffi, P. & Ducea, M.N., Chemical Mohometry: Assessing crustal thickness of ancient orogens using
geochemical and isotopic data. Reviews of Geophysics 60, e2021RG000753 (2022).
https://doi.org/10.1029/2021rg000753

14. Roberts, N.M.W., Spencer, C.J., Puetz, S. et al. Regional trends and petrologic factors inhibit global
interpretations of zircon trace element compositions. Geoscience Frontiers 15, 101852 (2024).
https://doi.org/10.1016/j.gsf.2024.101852

15. Lallemand, S., Heuret, A. & Boutelier, D. On the relationships between slab dip, back‐arc stress, upper
plate absolute motion, and crustal nature in subduction zones. Geochemistry, Geophysics,
Geosystems 6, Q09006 (2005). https://doi.org/10.1029/2005gc000917

16. van Hinsbergen, D. & Schouten, T. Deciphering paleogeography from orogenic architecture:
constructing orogens in a future supercontinent as thought experiment. American Journal of
Science 321, 955–1031 (2022). https://doi.org/10.2475/06.2021.09

17. Ito, T, Kojima, Y., Kodaira, S. et al. Crustal structure of southwest Japan, revealed by the integrated
seismic experiment Southwest Japan 2002. Tectonophysics 472, 124-134 (2009).



Page 9/15

https://doi.org/10.1016/j.tecto.2008.05.013

18. Nábělek, J., Hetényi, G., Vergne, J. et al. Underplating in the himalaya-tibet collision zone revealed by
the hi-climb experiment. Science 325, 1371–1374 (2009). https://doi.org/10.1126/science.1167719

19. Kylander-Clark, A.R.C., Hacker, B.R. & Mattinson, C.G. Size and exhumation rate of ultrahigh-pressure
terranes linked to orogenic stage. Earth and Planetary Science Letters 321–322, 115–120 (2012).
https://doi.org/10.1016/j.epsl.2011.12.036

20. Burov, E., Francois, T., Yamato, P. et al. Mechanisms of continental subduction and exhumation of HP
and UHP rocks. Gondwana Research 25, 464–493 (2014). https://doi.org/10.1016/j.gr.2012.09.010

21. Butler, J.P., Beaumont, C. & Jamieson, R.A. Paradigm lost: Buoyancy thwarted by the strength of the
Western Gneiss Region (ultra)high-pressure terrane, Norway. Lithosphere 7, 379–407 (2015).
https://doi.org/10.1130/l426.1

22. Hacker, B.R., Andersen, T.B., Johnston, S. et al. High-temperature deformation during continental-
margin subduction & exhumation: The ultrahigh-pressure Western Gneiss Region of Norway.
Tectonophysics 480, 149–171 (2010). https://doi.org/10.1016/j.tecto.2009.08.012

23. van Hinsbergen, D., Lamont, T. & Guilmette, C. Lithospheric unzipping explaining hot orogenesis
during continental subduction. Tectonics 44, e2025TC008993 (2025).
https://doi.org/10.1029/2025TC008993

24. Paul, A., Hatzfeld, D., Kaviani, A. et al. Seismic imaging of the lithospheric structure of the Zagros
mountain belt (Iran). Geological Society, London, Special Publications 330, 5–18 (2010).
https://doi.org/10.1144/sp330.2

25. Lallemand, S., Font, Y., Bijwaard, H. et al. New insights on 3-D plates interaction near Taiwan from
tomography and tectonic implications. Tectonophysics 335, 229–253 (2001).
https://doi.org/10.1016/s0040-1951(01)00071-3

26. Owens, T.J. & Zandt, G. Implications of crustal property variations for models of Tibetan plateau
evolution. Nature 387, 37–43 (1997). https://doi.org/10.1038/387037a0

27. Schneider, F.M., Yuan, X., Schurr, B. et al. The crust in the Pamir: insights from receiver functions.
Journal of Geophysical Research: Solid Earth 124, 9313–9331 (2019).
https://doi.org/10.1029/2019jb017765

28. Sizova, E., Gerya, T. & Brown, M. Contrasting styles of Phanerozoic and Precambrian continental
collision. Gondwana Research 25, 522–545 (2014). https://doi.org/10.1016/j.gr.2012.12.011

29. Brown, M. & Johnson, T. Time’s arrow, time’s cycle: Granulite metamorphism and geodynamics.
Mineralogical Magazine 83, 323–338 (2019). https://doi.org/10.1180/mgm.2019.19

30. Brudner, A., Jiang, H., Chu, X. et al. Crustal thickness of the Grenville orogen: A Mesoproterozoic
Tibet? Geology 50, 402–406 (2021). https://doi.org/10.1130/g49591.1

31. Hillenbrand, I.W., Gilmer, A.K., Williams, M.L. et al. Heterogeneous multi-stage accretionary
orogenesis — Evidence from the Gunnison block in the Yavapai Province, southwest USA.
Precambrian Research 401, 107256 (2024). https://doi.org/10.1016/j.precamres.2023.107256



Page 10/15

32. Corrigan, D., Pehrsson, S., Wodicka, N. et al. The Palaeoproterozoic Trans-Hudson Orogen: A
prototype of modern accretionary processes. Geological Society, London, Special Publications 327,
457–479 (2009). https://doi.org/10.1144/sp327.19

33. Gilligan, A., Bastow, I.D. & Darbyshire, F.A., Seismological structure of the 1.8 Ga Trans‐Hudson
Orogen of North America. Geochemistry, Geophysics, Geosystems 17, 2421–2433 (2016).
https://doi.org/10.1002/2016gc006419

34. Moyen, J.-F. & Martin, H. Forty years of TTG research. Lithos 148, 312–336 (2012).
https://doi.org/10.1016/j.lithos.2012.06.010

35. Smit, M.A., Musiyachenko, K.A. & Goumans, J. Archaean continental crust formed from mafic
cumulates. Nature Communications 15, 692 (2024). https://doi.org/10.1038/s41467-024-44849-4

36. Toussaint, G., Burov, E. & Jolivet, L. Continental plate collision: Unstable vs. stable slab dynamics.
Geology 32, 33 (2004). https://doi.org/10.1130/g19883.1

37. Palin, R.M., Moore, J.D.P., Zhang, Z. et al. Mafic Archean continental crust prohibited exhumation of
orogenic UHP eclogite. Geoscience Frontiers 12, 101225 (2021).
https://doi.org/10.1016/j.gsf.2021.101225

38. Johnson, T.E., Brown, M., Kaus, B.J.P. et al. Delamination and recycling of Archaean crust caused by
gravitational instabilities. Nature Geoscience 7, 47–52 (2013). https://doi.org/10.1038/ngeo2019

39. Christensen, N.I. & Mooney, W.D. Seismic velocity structure and composition of the continental
crust: A global view. Journal of Geophysical Research: Solid Earth 100, 9761–9788 (1995).
https://doi.org/10.1029/95jb00259

40. Unsworth, M.J., Jones, A.G., Wei, W. et al. Crustal rheology of the Himalaya and Southern Tibet
inferred from magnetotelluric data. Nature 438, 78–81 (2005). https://doi.org/10.1038/nature04154

41. Tang, M., Chen, K. & Rudnick, R.L. Archean upper crust transition from mafic to felsic marks the
onset of plate tectonics. Science 351, 372–375 (2016). https://doi.org/10.1126/science.aad5513

42. Smit, M.A. & Mezger, K., Earth’s early O2 cycle suppressed by primitive continents. Nature
Geoscience 10, 788–792 (2017). https://doi.org/10.1038/ngeo3030

43. van der Meer, D.G., Scotese, C.R., Mills, B.J.W. et al. Long-term Phanerozoic global mean sea level:
Insights from strontium isotope variations and estimates of continental glaciation. Gondwana
Research 111, 103–121 (2022). https://doi.org/10.1016/j.gr.2022.07.014

44. Herzberg, C., Condie, K. & Korenaga, J. Thermal history of the Earth and its petrological expression.
Earth and Planetary Science Letters 292, 79–88 (2010). https://doi.org/10.1016/j.epsl.2010.01.022

45. Bindeman, I.N., Zakharov, D.O., Palandri, J. et al. Rapid emergence of subaerial landmasses and
onset of a modern hydrologic cycle 2.5 billion years ago. Nature 557, 545–548 (2018).
https://doi.org/10.1038/s41586-018-0131-1

46. Brown, M. & Johnson, T. Secular change in metamorphism and the onset of global plate tectonics.
American Mineralogist 103, 181–196 (2018). https://doi.org/10.2138/am-2018-6166



Page 11/15

47. Holder, R.M., Viete, D.R., Brown, M. et al., Metamorphism and the evolution of plate tectonics. Nature
572, 378–381 (2019). https://doi.org/10.1038/s41586-019-1462-2

48. Bradley, D.C. Passive margins through earth history. Earth-Science Reviews 91, 1–26 (2008).
https://doi.org/10.1016/j.earscirev.2008.08.001

49. Li, Z.-X., Liu, Y. & Ernst, R., A dynamic 2000—540 Ma Earth history: From cratonic amalgamation to
the age of supercontinent cycle. Earth-Science Reviews 238, 104336 (2023).
https://doi.org/10.1016/j.earscirev.2023.104336

50. Alcott, L.J., Mills, B.J.W. & Poulton, S.W. Stepwise Earth oxygenation is an inherent property of global
biogeochemical cycling. Science 366, 1333–1337 (2019). https://doi.org/10.1126/science.aax6459

51. Kipp, M.A. & Stüeken, E.E. Biomass recycling and Earth’s early phosphorus cycle. Science Advances
3, eaao4795 (2017). https://doi.org/10.1126/sciadv.aao4795

52. Reinhard, C.T., Planavsky, N.J., Gill, B.C. et al. Evolution of the global phosphorus cycle. Nature 541,
386–389 (2016). https://doi.org/10.1038/nature20772

53. Hartnett, H.E., Keil, R.G., Hedges, J.I. et al. Influence of oxygen exposure time on organic carbon
preservation in continental margin sediments. Nature 391, 572–575 (1998).
https://doi.org/10.1038/35351

54. Zondervan, J.R., Hilton, R.G., Dellinger, M. et al. Rock organic carbon oxidation CO2 release offsets
silicate weathering sink. Nature 623, 329–333 (2023). https://doi.org/10.1038/s41586-023-06581-9

55. Lyons, T.W., Reinhard, C.T. & Planavsky, N.J. The rise of oxygen in Earth’s early ocean and
atmosphere. Nature 506, 307–315 (2014). https://doi.org/10.1038/nature13068

56. Payne, J.L., Boyer, A.G., Brown, J.H. et al. Two-phase increase in the maximum size of life over 3.5
billion years reflects biological innovation and environmental opportunity. Proceedings of the
National Academy of Sciences 106, 24–27 (2009). https://doi.org/10.1073/pnas.0806314106

57. Canfield, D.E. & Farquhar, J., Animal evolution, bioturbation, and the sulfate concentration of the
oceans. Proceedings of the National Academy of Sciences 106, 8123–8127 (2009).
https://doi.org/10.1073/pnas.0902037106

58. Shields, G.A. A normalised seawater strontium isotope curve: Possible implications for
Neoproterozoic-Cambrian weathering rates and the further oxygenation of the Earth. Electronic
Earth 2, 35–42 (2007). https://doi.org/10.5194/ee-2-35-2007

59. Gumsley, A.P., Chamberlain, K.R., Bleeker, W. et al. Timing and tempo of the Great Oxidation Event.
Proceedings of the National Academy of Sciences 114, 1811–1816 (2017).
https://doi.org/10.1073/pnas.1608824114

60. Och, L.M. & Shields-Zhou, G.A. The Neoproterozoic oxygenation event: Environmental perturbations
and biogeochemical cycling. Earth-Science Reviews 110, 26–57 (2012).
https://doi.org/10.1016/j.earscirev.2011.09.004

61. Rooney, A.D., Strauss, J.V., Brandon, A.D. et al. A Cryogenian chronology: Two long-lasting
synchronous Neoproterozoic glaciations. Geology 43, 459–462 (2015).
https://doi.org/10.1130/g36511.1



Page 12/15

Figures

Figure 1

The metamorphic record in the context of Earth system change. (a) Evolution of atmospheric pO2
55, the

biovolume56, S isotope diversity in marine pyrite as measure of S metabolism (Δ34S is the difference

between the highest and the lowest δ34S value observed for pyrite of a given age; determined from δ34S
records57, the percentage of oceanic Sr that is continent-derived58 (Src). (b) Peak-P conditions of
continental metamorphic rocks through time. Colours indicate episodes during which the continental
crust was andesitic (orange) or more mafic41,42 (green). Oxygenation stages are shown for reference,
marking early oxidative weathering (1), early “whiffs” of oxygenation and the rise of organisms capable
of oxygenic photosynthesis55 (2), the Great Oxidation Event59 and the Neoproterozoic Oxidation Event60
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in partial O2 pressure relative to the present atmospheric levels (PAL). Snowflake symbols indicate main
icehouse stages (Huronian Glaciation at c. 2.2 Ga, and the Sturtian and Marinoan Glaciations at 717-659
Ma and 650-635 Ma, respectively59,61.

Figure 2

P-Testimates for metamorphic rocks. Symbols with outline represent continental and marginal rocks,
whereas symbols without outline represent oceanic rocks.
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Figure 3

Schematic representation of metamorphic pressure (P), temperature (T) and depth (d) evolutions of (a)
intraplate and (b) accretionary orogens developing as a result of far-field stress σ1. Markers track the
evolution of the deepest crustal rocks that can ultimately be exhumed to the surface, with the orange
star marking the deepest conditions recorded by these rocks. Typical uncertainties on P estimates are
shown for reference. (a) Intraplate orogens thicken relatively homogeneously, with rocks exhumed from
its deepest sections best capturing the thickness of the mature orogenic column. Stages in the P-T
diagram are (1) thickening and (2) exhumation of the marker rock. (b) In accretionary orogens, the lower
plate is buried into the mantle due to slab from the still-attached oceanic lithosphere (1). Upon
detachment from this lithosphere (2), the lower plate will bounce back and stall pond at the base of the
developing accretionary orogen (3), where it will be pervasively overprinted and lose most if not all of the
record of earlier, colder and deeper burial. The marker indicates those parts of the ponded lower plate
that will detach and exhume (4) as a large (U)HP terrane in the frontal part of the orogen.
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