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2 

 

Constraining the thickness and geothermal gradient of Archean continental crust are 23 

crucial to understanding geodynamic regimes of the early Earth. Archean crust-sourced 24 

tonalitic–trondhjemitic–granodioritic gneisses are ideal lithologies for reconstructing 25 

the thermal state of early continental crust. Integrating experimental results with 26 

petrochemical data from the Eastern Block of the North China Craton allows us to 27 

establish temporal–spatial variations in thickness, geothermal gradient and basal heat 28 

flow across the block, which we relate to cooling mantle potential temperature and 29 

resultant geodynamical regime change from plume dominated in the late Mesoarchean 30 

(~2.9 Ga) to plate tectonics with hot subduction in the early to late Neoarchean (~2.7–31 

2.5 Ga). The initiation of plate tectonics might have played an important role in the 32 

rapid cooling of the mantle, and thickening and strengthening of the lithosphere, which 33 

in turn prompted stabilization of the cratonic lithosphere at the end of Archean. 34 
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The Archean Earth (4.0–2.5 Ga) was characterized by higher upper-mantle potential 35 

temperatures (Tp), higher mantle heat flow, and significantly less differentiated 36 

lithosphere than the present day1–4. Numerical models using these inferred Archean 37 

conditions have suggested a geodynamical evolution from “no-subduction” to “pre-38 

subduction” and then to “modern subduction” regimes with the progressive decrease of 39 

the mantle potential temperature5–7. However, the timing and conditions under which 40 

the Earth transitioned to a plate tectonic regime are controversial due to, and dependent 41 

on, poorly constrained estimates for the transition between different thermal states8–13. 42 

Crustal thickness, Moho temperature and heat flow are direct reflections of the thermal 43 

conditions of Earth’s lithosphere, and profoundly influence lithospheric rheology and 44 

tectonics. Therefore, constraining these parameters will provide important new insight 45 

in Archean geodynamic14–17. 46 

Archean cratons are dominated by metamorphic basement terranes composed of 47 

high-grade tonalite–trondhjemite–granodiorite (TTG) gneisses and granite-greenstone 48 

belts. The former constituting some 70 % of the crustal volume and thus, their formation 49 

plays a crucial role in the unravelling the evolution of the ancient continental crust18. 50 

Recent investigations suggest that the magmatic precursors of the TTG gneisses may 51 

be derived from (1) fractionation of primary basaltic or dioritic magmas (namely, 52 

“crystal mush model”)19–21; (2) partial melting of hydrated mafic rocks at the base of 53 

the Earth’s crust22,23; or, (3) partial melting of fluid fluxed mantle (namely, “slab 54 

melting model”)24–26. The most prominent features of TTG melts derived from partial 55 

melting of thickened lower crust are lower MgO content (generally less than 2.0 wt.%) 56 
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and transition elements of Cr, Ni, Co and V concentrations with Mg# values (Mg# = 57 

Mg2+/(Mg2++Total Fe2+) × 100) lower than 45 based on the results of experimental 58 

petrology27. In contrast, the TTG melts formed by the melting of fluid fluxed mantle 59 

and the crystallization of basaltic or dioritic magmas usually show higher MgO (> 2.0 60 

wt.%) and transition element contents with Mg# values higher than 4528,29. The pressure 61 

(P) conditions of crustal-derived TTG gneisses may be used to estimate the minimum 62 

crustal thickness, and the temperature (T) conditions can represent the lower limit of 63 

Moho surface temperature. Following the geothermal models proposed by Chapman30, 64 

we can quantitative calculate the Moho geothermal gradient and basal heat flow (qB) 65 

assuming a steady-state conductive geotherm31. Therefore, the Archean crust-sourced 66 

TTG gneisses are ideal lithologies for reconstructing the thermal state of early 67 

continental crust. 68 

In this contribution, we compile the geochemical data for multiple episodes of Meso- 69 

to Neoarchean (~2.9, ~2.7 and ~2.5 Ga) TTG gneisses from the Eastern Block of the 70 

North China Craton (NCC) (Supplementary Fig. 1), and try to quantify the P–T 71 

conditions of the TTG magma, using the proportion of garnet in residual phases from 72 

partial melting process, Sr/Y ratios in the TTG melts, and thermodynamic and trace 73 

element modelling. This allows the crustal thickness, Moho geothermal gradient and 74 

basal heat flow (qB) in the studied periods of the Archean to be calculated. On the basis 75 

of the newly obtained crucial parameters, we propose a systematic evolution of Archean 76 

geodynamic regimes to explain the formation and evolution of early continental 77 

lithosphere. 78 
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Results 79 

  Data selection. This study is based on a dataset of 304 analyses (including both 80 

previously published and our latest data) of ca. 2.9 to 2.5 Ga TTG gneisses from the 81 

Eastern Block of the NCC. These TTG gneiss samples were collected from Anhui, 82 

Zhongtiao, Dengfeng-Taihua, East Hebei-West Liaoning, South Jilin-North Liaoning, 83 

West Liaoning, and Jiaodong terranes in the Eastern Block of the North China Craton 84 

(Supplementary Fig. 1). For a detailed description of each terrane, see Supplementary 85 

Figs. 2–9. New samples were analyzed for major and trace element by X–ray 86 

Fluorescence (XRF) and Inductively Coupled Plasma–Mass Spectrometry (ICP–MS) 87 

methods at the Key Laboratory of Orogenic Belts and Crustal Evolution, Ministry of 88 

Education, School of Earth and Space Sciences, Peking University. 89 

  Archean TTG gneisses in the study area can be roughly divided into two groups based 90 

on the MgO versus SiO2 diagram (Fig. 1a): (1) low-magnesium TTGs, and (2) high-91 

magnesium TTGs. Both groups of TTG samples are characterized by high SiO2 (> 60 92 

wt.%) and Al2O3 (> 14 wt.%) contents but low K2O/Na2O ratios (< 0.6), which all 93 

satisfy the classical definition of Archean TTGs22. These samples mainly plot in the 94 

sub-alkaline quartz monzonite, granodiorite and granite fields in the TAS diagram (Fig. 95 

1b), the tonalite and trondhjemite fields in the An–Ab–Or diagram (Fig. 1c), and are 96 

assigned to low- to medium-K calc-alkaline rock series (Fig. 1d). The high-magnesium 97 

TTGs show relatively high MgO contents (0.87–4.20 wt.%) and Mg# values (43–62), 98 

falling into the high-silica adakite field (Fig. 1a)18. These features, together with their 99 

relatively high contents of transitional elements (V, Cr, Ni, and Co), indicate that these 100 
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TTG melts formed by melt–mantle interactions28, and thereby cannot provide effective 101 

information for crustal thermal state. By contrast, the relatively low MgO (0.10–3.05 102 

wt.%), Ni, Cr contents and Mg# values (18–48) of low-magnesium TTGs are indicative 103 

of derivation of the magmatic precursors from melting of the lower portion of a thick 104 

mafic crust (Fig. 1a)27,32. Thus, the formation P–T conditions of low-magnesium TTGs 105 

may effectively represent the thermal state of early continental crust. Furthermore, only 106 

the samples with precise zircon magmatic ages can be used to constrain the geodynamic 107 

regimes of the early Earth. After carefully screening, only 105 analyses of low-108 

magnesium TTGs meet the above criteria and we create data subsets by grouping 109 

individual analyses with similar ages (Supplementary Tables 1–3). 110 

Magma source characteristics. The zircon Hf isotopic compositions of the dated 111 

low-magnesium TTG gneiss samples distribute mainly between CHUR (chondrite 112 

uniform reservoir) and DM (depleted mantle) lines and fall within the same crustal 113 

evolution range (Fig. 2a; Supplementary Table 4). These relationships imply that the 114 

TTG gneisses with different ages were likely derived from juvenile crustal sources with 115 

similar chemical composition, namely, the lower crust of the NCC. In the Mg# versus 116 

SiO2 and Al2O3/(FeOtot+MgO)–3×CaO–5×(K2O/Na2O) source discriminate diagrams, 117 

almost all the gneisses fall into the melt range of amphibolite and eclogite, and plot into 118 

the field of melts derived from low-K mafic rocks (Fig. 2b, c)33. This further confirms 119 

that the Archean metamorphic low-K basalts may be the most appropriate source rocks 120 

for these low-Mg TTG gneisses. Considering these isotopic and geochemical 121 

characteristics, we choose the Archean ‘arc-like’ basalts as the starting materials with 122 
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reference to the composition of enriched tholeiitic basalts22,34. Subsequently, a batch 123 

partial melting model is applied to explore the garnet proportions in the residual mineral 124 

assemblage for the Meso- to Neoarchean TTG gneisses in the Eastern Block of the NCC. 125 

Geochemical modelling reveal that the late Mesoarchean (~2.9 Ga) TTG gneisses 126 

possess ~10 % (Anhui), ~20 % (Jiaodong) and ~10 % (East Hebei) garnet in the residual 127 

phase from partial melting of the mafic sources (Fig. 2d), the early Neoarchean (~2.7 128 

Ga) TTG gneisses have ~25 % (West Shandong), ~30 % (North Liaoning-South Jilin 129 

and Jiaodong) and 35 % (Zhongtiao) garnet in the residue (Fig. 2e), and the late 130 

Neoarchean (~2.5 Ga) TTG gneisses contain ~10 % (West Shandong and Jiaodong), 131 

15 % (North Liaoning-South Jilin), 20 % (Zhongtiao), 25 % (Dengfeng-Taihua) and 132 

25 % (East Hebei-West Liaoning) garnet in the residue (Fig. 2f). Therefore, the magmas 133 

of TTG gneiss samples collected from different formation times and localities were 134 

generated by the partial melting of low-K mafic juvenile crust materials at different 135 

depths. 136 

Estimation of the thermal state for North China Craton. Thermodynamic and 137 

trace element modelling was performed using the median composition of Archean ‘arc-138 

like’ basalts with ~1.5 wt.% water to better define the P–T conditions of the primary 139 

magma (Fig. 3). The pressure ranges of the magma generation for different age TTG 140 

gneisses were used to estimate minimum thickness of the North China continental crust 141 

at the time of gneiss formation, indicating crustal thickness and Moho geothermal 142 

gradient evolved from 32–41 km and 18.2–22.8 oC/km, in the Mesoarchean, to 41–54 143 

km and 9.9–16.8 oC/km in the early Neoarchean and 35–56 km thick crust and 8.7–18.0 144 
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oC/km Moho gradient at the end of the Neoarchean (Table 1). Based on the newly 145 

obtained crustal thickness, the temperature at the bottom of continental crust (TB), and 146 

the classical geotherm models proposed by Chapman30, we reconstruct the Archean 147 

continental geotherm assuming a steady-state conductive geotherm (Fig. 4)31. The 148 

calculated results yield the Moho geothermal gradients and basal heat flows of 18.2–149 

22.8 oC/km and 47–59 mW/m2 for ~2.9 Ga TTG gneisses, 9.9–16.8 oC/km and 26–44 150 

mW/m2 for ~2.7 Ga TTG gneisses, and 8.7–18.0 oC/km and 23–47 mW/m2 for ~2.5 Ga 151 

TTG gneisses (Table 1). 152 

 153 

Discussion 154 

Tempo-spatial variations in the thermal state of Meso- to Neoarchean 155 

continental crust. The trace element and thermodynamic modelling results reveal that 156 

the paleo-crustal thickness has changed significantly through time in the Eastern Block 157 

of the NCC (Fig. 5a). Crustal thickness increased rapidly from ~36 to ~48 km from ~2.9 158 

to ~2.7 Ga, then remained mostly constant during ~2.7 to ~2.5 Ga, with the exception 159 

of the North Liaoning-South Jilin, Jiaodong and West Shandong terranes, where the 160 

crustal thickness decreased about 10 km (Fig. 5a). Archean continental geotherm 161 

modelling suggests that the Moho geothermal gradient and basal heat flow value exhibit 162 

consistent trends and decreased dramatically from ~2.9 to ~2.7 Ga and then remain 163 

unchanged from ~2.7 to ~2.5 Ga (Figs. 4 and 5a). Contour maps of crustal thickness 164 

and Moho geothermal gradients of the Eastern Block of the NCC show that in the early 165 
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Neoarchean (~2.7 Ga), the North Liaoning-South Jilin and West Shandong regions have 166 

relatively thick crust but low Moho geothermal gradients, whereas the Jiaodong and 167 

Zhongtiao terranes exhibit relatively thin crust but high Moho geothermal gradients 168 

(Fig. 6a, c). By the late Neoarchean (~2.6–2.5 Ga), the crustal thickness and Moho 169 

geothermal gradient display obvious spatial zonation, for instance, the western margin 170 

of the Eastern Block (East Hebei-West Liaoning, Dengfeng-Taihua, Zhongtiao) shows 171 

relatively thickened crust and low Moho geothermal gradients, but the eastern margin 172 

of the Eastern Block (North Liaoning-South Jilin, Jiaodong, West Shandong) exhibits 173 

relatively thin crust and high Moho geothermal gradients (Fig. 6b, d). 174 

Evolution of Archean geodynamic regimes of the NCC. The operation, scale, and 175 

style of tectonic regimes in the formation and evolution of the Archean continental crust 176 

are mainly dependent on the mantle temperature as shown by thermomechanical 177 

numerical experiments5–7. Nevertheless, such models do not constrain a timeframe for 178 

such elevated mantle temperatures. This study enables us to link those temperatures to 179 

geological time. In the Archean continental geotherm model, the variation of basal heat 180 

flow (qB) is mostly attributed to the mantle potential temperatures and the depth of 181 

thermal boundary (lithospheric thickness) (Fig. 4). Keller and Schoene35 proposed that 182 

the above two variables have a direct causal relationship in the lithospheric evolution 183 

process prior to 2.5 Ga. A decrease in mantle potential temperature may be linked to the 184 

emergence of thick lithosphere in the Archean. Combining our constraints on the Meso- 185 

to Neoarchean crustal thicknesses and thermal states with previous numerical 186 

experiments, petrological and structural studies, a systematic three-stage evolution of 187 
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the Archean geodynamic regime has been revealed in the Eastern Block of the NCC. 188 

(1) The Eastern Block exhibits a relative thin crustal thickness of 32 to 41 km, high 189 

Moho geothermal of 18.2 to 22.8 oC/km (Fig. 5a, b; Table 1), and high basal heat flow 190 

values of qB = 47–59 mW/m2 during ~2.9–2.8 Ga, reflecting the higher mantle potential 191 

temperature and the thinner lithosphere thickness relative to younger time periods (Figs. 192 

4 and 5c). Hot-mantle potential temperatures in the late Mesoarchean and the 193 

development of coeval komatiites and komatiitic basalts in the Eastern Block 194 

presumably favor the mantle plume regime3,36. Coincidently, Bao et al.37 also propose 195 

a pre-subduction buckling convergence model to explain the petrogenesis of the 196 

compositionally diverse Mesoarchean granitoids in the Anshan-Benxi area in the 197 

eastern part of the NCC. 198 

(2) The crustal thickness began to increase rapidly from the late Mesoarchean (~2.8 199 

Ga) and reached its maximum thickness of ~41–54 km by the early Neoarchean (~2.7 200 

Ga), while the Moho geothermal gradient decreased from ~18.2–22.8 to ~9.9–201 

16.8 ℃/km (Fig. 5a, b; Table 1). During this crustal thickening period, the basal heat 202 

flow decrease significantly reflecting rapid cooling of convecting mantle and/or 203 

thickening of the lithosphere (Figs. 4 and 5c). On the other hand, the mantle cooling 204 

also promote lithosphere strengthening. Integrated with petrological and structural data 205 

for a corresponding change through this interval from komatiite to calc-alkaline 206 

volcanic rock, and a changing structural style from extension to compression26, these 207 

newly obtained data indicate that plate tectonics were already a dominant geodynamic 208 

mechanism in the Neoarchean. However, the style of Archean plate tectonics (for 209 
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example, subduction rate and subducted angle of oceanic slab) in North China may have 210 

been different from that of modern day cold plate tectonics due to its slightly higher 211 

mantle temperature on the basis of the thermomechanical numerical modeling results, 212 

and is often referred to as “hot subduction”38,39. Therefore, the Mesoarchean-213 

Neoarchean transition (~2.8 Ga) is considered as a critical period for the transformation 214 

of the crust-mantle dynamic regimes, in which a hot subduction regime (lateral plate 215 

movement) began to play an important role in the crustal growth and evolution in the 216 

Eastern Block of the NCC. 217 

(3) Crustal stabilization period is marked by various crustal thickness of 54 to 35 km, 218 

Moho geothermal gradient of 8.7 to 18.0 oC/km, and basal heat flow of 23–47 mW/m2 219 

during ~2.7–2.5 Ga. These values decrease slightly from those of the preceding period 220 

suggesting a likely continuity of the tectonic regime dominated by hot subduction (Figs. 221 

4 and 5). In the thermomechanical numerical model of plate tectonics on the early Earth, 222 

as a subduction zone matures, mantle potential temperature continues to decrease 223 

whereas the strength of lithospheric plates gradually increase, resulting in the formation 224 

of larger-scale tectonic belts that resemble those produced by modern plate 225 

subduction40,41. By the early to late Neoarchean, many lines of evidence indicate that 226 

the Eastern Block of the NCC underwent an orogenic cycle of subduction, collision and 227 

delamination events: (1) the thermal state of continental crust is spatially zoned (Fig. 228 

6b, d; Table 1), which are similar to the thermal structure of present-day continental 229 

subduction zones such as North Cordilleran and Central Andean42; (2) marked spatial 230 

zoning of metamorphic volcanic rocks, TTG gneisses and K-rich granitoids occurs 231 
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along the northwestern side of the Eastern Block40,43,44; and (3) in-situ zircon O isotopes 232 

for Neoarchean metavolcanic rocks from the Dengfeng Complex indicates that altered 233 

oceanic crust was involved in the mantle source region, requiring recycling of oceanic 234 

crust into the mantle, presumably at a subduction zone45. 235 

At the end of Archean (~2.5 Ga), a large amount of K-rich granitoids in the NCC 236 

appeared along with a corresponding reduction in the proportion of TTG gneisses46. 237 

Post-Archean high-Mg-K granitoids throughout the Eastern Block show similar 238 

geochemical signatures to Archean sanukitoids, and their magmas were derived from 239 

mantle metasomatism by fluids as well as melts from subducting slab and sediments in 240 

late-orogenic settings44,47,48. These geological observations and crust-mantle 241 

interactions, together with relatively low mantle potential temperature and thick 242 

lithosphere, imply the development of rigid lithosphere and the final cratonization of 243 

the Eastern Block during the terminal Archean. Similar features have been noted in 244 

other cratons towards the end of the Archean corresponding with their stabilization and 245 

inferred to mark a global transition to a dominant plate tectonic regime12. 246 

Implications for global-scale ancient cratons. Understanding the changes of 247 

Earth’s thermal state is essential to determining the geodynamic evolution of the early 248 

Earth. Moyen (2011)49 summarized the 1477 samples of Archean (~3.5–2.5 Ga) TTG 249 

gneisses from global ancient cratons and classified them into three different categories 250 

(high-pressure, medium-pressure and low-pressure subgroups) based on their 251 

geochemical indicators (i.e., Sr contents, Sr/Y and La/Yb ratios). Petrogenetic studies 252 

revealed that most medium-pressure (MP) and low-pressure (LP) TTGs were originated 253 
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from thickened mafic lower crust, whereas most high-pressure (HP) TTGs were derived 254 

from subducted slab22,34,49. Therefore, only the MP and LP TTGs are suitable for 255 

estimating the thermal state of early continental crust (698 samples) by our method. The 256 

estimated results indicate that the crustal thicknesses, Moho geothermal gradients and 257 

basal heat flow values are 40–44 km, 17.6–22.0 oC/km and 53–66 mW/m2 for MP TTGs, 258 

and 32–36 km, 22.1–27.5 oC/km and 66–83 mW/m2 for LP TTGs, respectively. It’s 259 

noteworthy that our estimated Archean continental crust had a similar crustal thickness 260 

to the present-day craton50, which is a big challenge to conventional wisdom with 261 

respect to the Archean crustal thickness9,51. Meanwhile, the new results also provide an 262 

effective constraint on the thermal state of the Archean continental crust, which is 263 

significantly higher than it is present-day counterparts52. Collectively, the crustal 264 

thickness and its thermal state are crucial to our understanding of the geodynamic 265 

regime of the early Earth. 266 

 267 

Methods 268 

Samples. TTG gneisses are the dominant geological signatures in the Archean 269 

basement blocks of the NCC. Supplementary Fig. 1 shows the general spatial and 270 

temporal distribution of Meso- to Neoarchean TTG gneisses, and detailed zircon age 271 

data and sampling locations are summarized in Supplementary Table 1. The magmatic 272 

crystallization ages of TTG gneisses are almost continuous from 3.0 to 2.5 Ga, with 273 

three peaks occurring at ~2.91, ~2.72 and ~2.53 Ga, with the youngest defining the 274 



14 

 

maximum peak. The ~2.9 Ga TTG gneisses are sporadically distributed in Jiaodong, 275 

Huoqiu and Eastern Hebei terranes, and ~2.7 Ga ages TTG gneisses concentrate more 276 

in the North Liaoning-South Jilin, Jiaodong, Western Shandong, Dengfeng-Taihua, 277 

Zhongtiao and Fuping-Hengshan terranes, while the ~2.5 Ga data are distributed 278 

throughout the entire Eastern Block of the NCC. All the TTG gneisses, irrespective of 279 

age exhibit similar petrographic characteristics, making the different age groups 280 

difficult to distinguish in the field. A detailed outline of the geological background of 281 

each terrane is given in the Supplementary Information. 282 

Selection of mafic source rocks of the TTG magmatism. The potential mafic 283 

source rocks for Archean TTG magmas mainly comprise mid-ocean ridge basalts 284 

(MORBs), oceanic plateau basalts (OPBs), island arc basalts (IABs) and Archean ‘arc-285 

like’ basalts according to their tectonic setting34. The Archean ‘arc-like’ basalts are 286 

chiefly composed of moderately enriched tholeiitic basalts, which have similar 287 

lithological assemblages and trace element compositions with those found in modern 288 

oceanic arcs. Here, we compiled the average composition of potential mafic source 289 

rocks for Archean TTG magmatism from the GEOROC (http://georoc.mpch-290 

mainz.gwdg.de/georoc/) and PetDB (www.earthchem.org/petdb) databases 291 

(Supplementary Table 5). Among them, the MORBs and OPBs are too depleted in large 292 

ion lithophile elements (LILEs) to produce TTG gneisses, whereas the melts from the 293 

partial melting of IABs tend to be potassium-rich granitoids. Only the Archean ‘arc-294 

like’ basalts are suitable to be the source rocks of the TTG gneisses (Supplementary Fig. 295 

12). Consequently, we choose the Archean ‘arc-like’ basalts as the mafic source rocks 296 
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of the TTG magmatism in the thermodynamic and trace element modelling. 297 

Determination of source water content [X(H2O)]. CIPW (Cross, Iddings, Pirsson, 298 

Washington) standard mineral calculation results show that the corresponding mineral 299 

assemblages and their proportions of the Archean ‘arc-like’ basalts are as follows: 300 

quartz, 3.04 wt.%; orthoclase, 1.59 wt.%; albite, 17.74 wt.%; anorthite, 29.94 wt.%; 301 

diopside, 16.35 wt.%; hypersthene, 27.62 wt.%; magnetite, 1.85 wt.%; ilmenite, 1.65 302 

wt.%; and, apatite, 0.22 wt.%. Note that the CIPW calculation only yields the mass 303 

fraction of various standard minerals in the magmatic rock, which simplifies many 304 

details (for example, all the standard minerals are anhydrous, leaving out the hydrous 305 

minerals biotite and amphibole). The melting processes of metabasalts are dominantly 306 

controlled by amphibole dehydration melting reactions at fluid-absent conditions53. 307 

Assuming that all these mafic minerals (diopside and hypersthene) in the standard 308 

minerals are amphibole (H2O content in standard amphibole is known to be ~3.5 309 

wt.%)54, the water content in Archean ‘arc-like’ basalts is less than ~1.54 wt.%, and the 310 

average LOI (loss on ignition) of the Archean ‘arc-like’ basalts is ~1.69 wt.%, which is 311 

basically consistent with the conversional results on the basis of the CIPW standard 312 

mineral calculation. Therefore, the ~1.5 wt.% is taken as the water content [X(H2O)] of 313 

Archean mafic protolith in the lower crust. 314 

Thermodynamic modelling of primary magma. Thermodynamic modelling was 315 

performed using the median composition of Archean ‘arc-like’ basalts to better define 316 

the P–T conditions of the primary magma, following a Gibbs free energy minimization 317 

approach using the software Perple_X (version 6.7.6). Due to the low content of bulk 318 
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P2O5 and the lack of associated phases (i.e., apatite) in the rock, we choose a system 319 

Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-O2 (NCKFMASHTO) for the 320 

thermodynamic modelling, and use the thermodynamic database from Holland and 321 

Powell55 revised in 2002 (hp02ver.dat), together with the solution models of Melt(G) 322 

for TTG melt, cAmph(G) for amphibole, and Augite(G) for clinopyroxene from Green 323 

et al.56, Gt(W) for garnet, Opx(W) for orthopyroxene, Ilm(WPH) for ilmenite, Chl(W) 324 

for chlorite, and Mica(W) for mica from White et al.57, Bi(HP) for biotite from Holland 325 

and Powell55, Fsp(C1) for plagioclase from Holland and Powell58, and Ep (HP11) for 326 

epidote from Holland and Powell59. The quartz, rutile, titanite, and water were 327 

considered as pure phases. The calculation was performed with 1.5 wt.% water, 328 

corresponding to the dehydrated melting of metamorphosed basalt. 329 

Batch partial melting modelling. Since the thermodynamic modelling yields the 330 

weight percentages of melts and equilibrium mineral assemblages, we can further 331 

calculate the trace element composition of the TTG melts through trace element 332 

modelling. Shaw60 proposed the classical equation of batch partial melting: 333 

Cmelt/Csource = 1/[D + F*(1-D)] 334 

Where Csource and Cmelt represent the trace element concentration of the source rock 335 

and the resultant melt, respectively; D is the bulk partition coefficient, and F is the 336 

degree of partial melting (namely, the mass fraction of melt). The median composition 337 

of the Archean ‘arc-like’ basalts were used as the Csource, and the results (Cmelt) were 338 

compared with the median composition of TTG gneisses with different ages of ~2.9 to 339 

~2.5 Ga. The partition coefficient of minerals used in the geochemical modelling are 340 
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from https://earthref.org/GERM/KDD/ (Supplementary Table 6). 341 

Geothermal models. If the layer has thickness Δz, then the temperature at, and heat 342 

flow through, the bottom of the layer (TB, qB) can be expressed in terms of the 343 

temperature and heat flow at the top of the layer (TT, qT) and properties (A,k) of the 344 

layer30. 345 

𝑇𝐵 =  𝑇𝑇   +  
𝑞𝑇

𝑘
𝛥𝑧 – 

𝐴𝛥𝑧2

2𝑘
                      (1) 346 

      𝑞𝐵  =  𝑞𝑇–  𝐴𝛥𝑧                             (2) 347 

Equations (1) and (2) are applied to successive layers, resetting TT and qT at the top of 348 

each new layer with the values TB and qB solved for the bottom of the previous layer. 349 

Where A is volumetric heat production (W m-3) and k is thermal conductivity (W m-1 350 

K-1). In practice, heat production and thermal conductivity are described by piecewise 351 

continuous functions and the computations are carried out with a 0.1 km depth 352 

increment. Following Tang et al.61, the volumetric heat production in the crust is: 353 

𝐴𝑗 = ∑ 𝐹𝑗𝑗 𝜌 ∑ 𝐻𝑖 𝑖 𝐶𝑗
𝑖  𝑒−𝜆𝑖𝑡

𝑖                  (3) 354 

where i = 40K, 232Th, 235U and 238U, j indicates mafic and felsic crust, F is volumetric 355 

proportion, ρ is the density (2800 kg m-3), λi is the decay constant (yr-1), t is time before 356 

present (yr), Hi is heat production (mW m-3), Ci is the present-day concentration 357 

(Supplementary Table 8). The average K2O, Th and U concentrations in the Archean 358 

mafic and felsic crust are from Tang et al.61, and the heat productivity of radioactive 359 

element is from Turcotte and Schubert15. The basic relation between heat flow and 360 

geothermal gradient is Fourier’s law: 361 

𝑞𝐵 = – 𝑘
𝛥𝑇

𝛥𝑥
                           (4) 362 
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In this case, the 
𝛥𝑇

𝛥𝑥
 represent the geothermal gradient slope (℃ km-1) of Moho surface. 363 

Assuming that the lithospheric mantle does not produce heat (A = 0 W m-3), we use a 364 

MATLAB solution to further constrain the variation trend of Archean continental 365 

geotherm. The MATLAB code was attached in the Supplementary Information. 366 
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Fig. 1 Geochemical diagrams for the Meso- to Neoarchean TTG gneisses from the Eastern Block of the NCC. a MgO versus SiO2 diagram (after Martin et 550 

al.18); b Total alkalis versus silica diagram (TAS, after Middlemost62); c An-Ab-Or diagram (after Barker63); d K2O versus SiO2 classification diagram (after 551 

Rollinson64). 552 
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Fig. 2 Petrogenetic identification diagrams of TTG gneisses. a Plots of the zircon ɛHf(t) values versus crystallization ages (Ma) for the dated TTG gneiss 553 

samples in the Eastern Block of the NCC; b Mg# versus SiO2 diagram (modified after Stern and Killian29). This also shows the field for pure crustal partial 554 

melts obtained in experimental studies by dehydration melting of amphibolitic rocks and eclogites27,28; c Ternary diagram of Al2O3/(FeOT + MgO), 3 × CaO, 555 

and 5 × (K2O/Na2O). The fields represent the composition of melts derived from a range of potential sources of tonalites, metasediments, and low- and high-K 556 

mafic rocks33; d–f (La/Yb)N versus YbN diagrams. The color curve in the inset represents batch partial melting trends with different residual mineral 557 

assemblages. The source in the inset is an average Archean ‘arc-like’ basalt transformed into 0% (G0), 5% (G5), 10% (G10), 15% (G15), 20% (G20), 25% (G25) 558 

and 30% (G30) garnet-bearing amphibolite (after Moyen49).559 
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Fig. 3 Thermodynamic and trace element modelling. Simplified P–T phase diagram for the median composition of Archean ‘arc-like’ basalts (Supplementary 560 

Table 7), calculated with X(H2O) = 1.5 wt.%, corresponding to dehydration melting of metamorphosed basalt. Long and short dashed lines represent the 561 

garnet proportion (%) in residue and melt Sr/Y ratios, respectively; solid lines show major phase boundaries: red–melt (solidus), blue–garnet, green–562 

amphibole, and yellow–feldspar. Error bars are 1σ based on uncertainties of observed garnet proportion (%) and Sr/Y ratios. 563 
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Fig. 4 Generic model for the Meso- to Neoarchean thermal evolution of the NCC. In this model, the Archean continental geotherm was constrained assuming 564 

a steady-state conductive geotherm, without considering the effects of heat convection of the asthenosphere mantle. The depth of Moho surface is determined 565 

by melting pressure of crustal-derived TTG melts, whereas the Archean lithospheric thickness is uncertain.566 
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Fig. 5 Changes of calculated crustal thickness (a), Moho geothermal gradient (b) and basal 567 

heat flux (c) over time for the Eastern Block of the NCC. The present Moho depth is from 568 

McLennan50, and the conventional wisdom about Meso- to Neoarchean crustal thickness is 569 

from Dhuime et al.51. The present-day basal heat flux values of Archean craton are from 570 

Robin and Bailey52.571 
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Fig. 6 Contour color plots of crustal thickness and Moho geothermal gradient in the Eastern Block of the NCC at different periods. a and c early Neoarchean 572 

(~2.7 Ga); b and d late Neoarchean (~2.5 Ga). Abbreviations for the metamorphic basements: SJ—South Jilin; NL—North Liaoning; SL—South Liaoning; 573 

EH—East Hebei; WL—West Liaoning; JD—Jiaodong; WS—West Shandong; DF-TH—Dengfeng-Taihua; ZT—Zhongtiao. 574 


	Results
	Discussion
	Methods
	Acknowledgements
	Author contributions
	Competing interests
	Materials & Correspondence
	Additional information
	Data availability
	References

