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Abstract

In this study, we develop two dimensional (2-D) box models to identify the most viable reasons for the destruction of the North
China Craton (NCC). We examine the role of flat slab-induced hydration, high-density lower crust, and weak mid-lithospheric
discontinuity in our models. Results indicate that flat slab-induced hydration weakening of the eastern part of the NCC can lead
to rapid craton destruction if hydration weakening rates are sufficiently fast. This accelerated hydration rate may be attributed
to the extensive carbonatite magmatism within the eastern part of the NCC, facilitating a faster pathway for water diffusion
throughout the craton. Craton destruction is contingent upon the craton’s density exceeding the surrounding mantle density,
and its viscosity decreasing below 1022 Pa s. We observe that the presence of a dense lower crust or a weak mid-lithospheric

discontinuity fail to destroy the NCC unless it is weakened.
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Key Points:

« Investigation of North China Craton (NCC) destruction with thermomechanical
numerical models.

« Flat slab-induced hydration can sufficiently weaken eastern part of the North China
Craton (NCCQC).

e Craton is destroyed if its density is higher than the underlying mantle and its vis-
cosity is lower than 10?2 Pa s.
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Abstract

In this study, we develop two dimensional (2-D) box models to identify the most
viable reasons for the destruction of the North China Craton (NCC). We examine the
role of flat slab-induced hydration, high-density lower crust, and weak mid-lithospheric
discontinuity in our models. Results indicate that flat slab-induced hydration weaken-
ing of the eastern part of the NCC can lead to rapid craton destruction if hydration weak-
ening rates are sufficiently fast. This accelerated hydration rate may be attributed to
the extensive carbonatite magmatism within the eastern part of the NCC, facilitating
a faster pathway for water diffusion throughout the craton. Craton destruction is con-
tingent upon the craton’s density exceeding the surrounding mantle density, and its vis-
cosity decreasing below 1022 Pa s. We observe that the presence of a dense lower crust
or a weak mid-lithospheric discontinuity fail to destroy the NCC unless it is weakened.

Plain Language Summary

Cratons, constituting the oldest part of Earth’s lithosphere, often exceed 3 billion
years in age. Despite continuous recycling due to plate-tectonics on Earth, cratons main-
tain tectonic stability owing to their viscosity, density, and thickness. Nevertheless, cer-
tain geological activities can lead to the partial or complete destruction of cratons. A
prime example is the North China Craton (NCC), where the eastern half has undergone
extensive thinning. The mechanism behind the NCC’s destruction has been a subject
of debate for over the last two decades. In this study, we develop numerical models to
investigate the most viable geodynamic scenario for the destruction of the NCC. We find
hydration weakening, induced by fluids from the subducting slab, is the key control for
craton destuction. Geological evidence indicates the flattening of the subducting slab dur-
ing the Jurassic period. The presence of a flat slab likely facilitated partial hydration
of the eastern half of the craton, while the western half remained intact. Subsequently,
the weakened eastern segment could have been destroyed due to underlying mantle flow
if the craton possessed a density exceeding underlying mantle and a viscosity lower than
10?2 Pa s.

1 Introduction

Destruction of the North China Craton (NCC) (F.-Y. Wu et al., 2019; J. T.-J. Wu
et al., 2022; Y.-F. Zheng et al., 2013; Zhu et al., 2012) challenges the notion of immor-
tal cratons in geological history. Geophysical evidence, including the global litihospheric
thickness model (Conrad & Lithgow-Bertelloni, 2006) (Fig. 1 A), slow seismic velocity
anomalies in tomography models (Ritsema et al., 2004)(Fig. 1 A), and geochemical ob-
servations from xenolith studies (Menzies et al., 1993; Xu, 2001; Yang et al., 2008; J. Zheng
et al., 2005; Y. Zheng et al., 2018; Zhu et al., 2012), firmly establish that the eastern part
of the North China Craton is thinner than its western counterpart. Prior ~200 Ma (early
Jurassic period), the entire craton existed with a passive margin boundary and a nor-
mal cratonic thickness of approximately 200 km (Z. Wang & Kusky, 2019, c.f.). After
200 Ma, the onset of paleo-Pacific subduction along the eastern margin of the NCC re-
activated the craton margin (Tang et al., 2018). In the early Cretaceous period (~ 130
- 100 Ma), the eastern part of the craton thickness was reduced to around 100 km (Zhu
et al., 2012; F.-Y. Wu et al., 2019; J. T.-J. Wu et al., 2022; J. Zheng et al., 2005; Y. Zheng
et al., 2018; J. Liu et al., 2019). Although there is consensus regarding the extensive thin-
ning of the NCC, the mechanism behind it remains a subject of debate.

Previous studies proposed a range of possible mechanisms that could destroy the
eastern part of the NCC. The onset of paleo-Pacific subduction at the eastern margin
of the NCC has been considered as one of the most likely reasons for craton destruction
(Xu, 2001; J. Zheng et al., 2005). The nature of the subduction zone remained disputed
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for a long time until recently, when several studies proposed the existence of a flat slab
in this region. F.-Y. Wu et al. (2019) showed an age reversal of igneous rocks along an
east-west transect from the paleo-subduction zone to the middle of the craton (Fig. 1
B). Many of these igneous activities are associated with carbonatite intrusions, partic-
ularly from the eastern part of the NCC (Chen et al., 2016, 2017; X. Wang et al., 2022).
During the late Triassic and Jurassic periods, magmatic activities moved towards the
continental interior, and in the Cretaceous period, magmatism migrated towards the sea
(Fig. 1 C). This reversal is interpreted as the onset of westward flat subduction of the
Paleo-Pacific slab around 200 Ma, followed by slab rollback at approximately 160 - 140
Ma (Y. Zheng et al., 2018; J. Liu et al., 2019; F.-Y. Wu et al., 2019; J. T.-J. Wu et al.,
2022) (Fig. 1 C). The presence of a flat slab could have hydrated the eastern part of the
craton (Fig. 1 C, hatched region) (F.-Y. Wu et al., 2019; J. T.-J. Wu et al., 2022; Y. Zheng
et al., 2018), while the western block remained dry (Xia, Hao, et al., 2013). Xia, Liu, et
al. (2013) studied the clinopyroxene samples of early Cretaceous basalts from the Feix-
ian region (Fig. 1 A) and found high water content within them. They estimated that
such high water content in clinopyroxene samples is possible only if the cratonic man-
tle contained at least 1000 ppm water before ~ 120 Ma. Such high water content can
change the ’dry’ olivine rheology to wet’ olivine (Hirth & Kohlstedt, 2003; Mei & Kohlst-
edt, 2000; Xia, Liu, et al., 2013), significantly reducing the overall viscosity of the litho-
spheric mantle. Weaker cratons potentially form lithospheric drips depending on their
"available buoyancy’ (Conrad & Molnar, 1999), and those drips are removed gradually.
Y. Zheng et al. (2018) attributed the NCC destruction to such a bottom-to-top process.

There are other mechanisms that could also have destroyed the NCC. Due to high
pressure and temperature, dense eclogites are formed within the thick lower crust. This
dense layer initiates a gravitational instability which can delaminate the crust, and even-
tually destroy the cratonic lithosphere by a process called foundering (Gao et al., 2004).
Other studies have suggested the presence of a weak mid-lithospheric discontinuity (MLD)
as another potential reason for craton destruction (Liao & Gerya, 2014; L. Liu et al., 2019;
Shi et al., 2020; Z. Wang & Kusky, 2019). Unlike the slab-induced process, these two
destruction mechanisms are top-to-bottom processes, where craton destruction initiates
at the top margin (Y. Zheng et al., 2018).

In this study, we use thermomechanical numerical models to investigate the evo-
lution and destruction of the North China Craton. We investigate several scenarios to
test their mechanical and geodynamical viability. Though our primary focus is to un-
derstand flat slab-induced destruction, we also examine cases in the presence of a dense
lower crustal layer and a weak mid-lithospheric discontinuity. We explore different pa-
rameters, including density, viscosity, and the rate of hydration to support our arguments.
We calibrate the timing of destruction with geologically observed data.

2 Geodynamic model

We develop time-dependent geodynamic models, using the thermomechanical fi-
nite differences code LaMEM (Kaus et al., 2016, details in supplementary text S1) which
is routinely used to model subduction dynamics (Pusok & Stegman, 2020; Riel et al.,
2023). Our 2D model domain consists of a Cartesian box of 4000x1000 km (Fig. 2A)
and is built with geomIO (Bauville & Baumann, 2019; Spang, Baumann, & Kaus, 2022).
The continental block comprises a 40 km thick continental crust, followed by a thick con-
tinental lithosphere down to 100 km and a cratonic lithosphere root extending to a depth
of 200 km, with a width of 2000 km (Fig. 2 A). Below the continental lithosphere, the
upper mantle extends to 660 km depth, and the lower mantle to 1000 km. Each layer
is distinguished by a specific rheology given in supplementary table S1 (Hirth & Kohlst-
edt, 2003; Tirel et al., 2008). To simulate the paleo-Pacific subduction zone, we place
a flat slab along the eastern margin of the craton following the approach of F.-Y. Wu
et al. (2019) (Figs. 1 C, 2 A). The flat slab extends to the middle of the craton’s width,
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Figure 1. (A) Location of the North China Craton (NCC) marked by pink boundary. The
western and eastern blocks of the NCC are separated by the trans North China orogen. The
background colors in the Figure represent the shear wave velocity anomaly from the S20RTS
tomography model (Ritsema et al., 2004), and the green lines are the contours of lithosphere
thickness of 210 and 140 km, obtained from the global lithosphere thickness model of Conrad and
Lithgow-Bertelloni (2006). Present-day coastlines are in black. Several igneous rocks are dated
along the X-Y transect (F.-Y. Wu et al., 2019; J. T.-J. Wu et al., 2022). (B) Age distribution of
igneous rocks along X-Y transect extracted and complied from (Z. Wang & Kusky, 2019; J. T.-
J. Wu et al.,, 2022). (C) Schematic diagram of destruction of North China Craton modified after
J. Liu et al. (2019); F.-Y. Wu et al. (2019); J. T.-J. Wu et al. (2022). 1-6 represent progression of

magmatic activity with time.
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hypothetically dividing it into eastern and western part. The mantle flow dynamics are
driven by the density anomaly of the slab and an additional inflow of 1-2 cmyr—' from
the eastern margin of our model. Additionally, a temperature difference of 1600 K be-
tween the top and the bottom of the model also contributes to the vigour of mantle flow.
The upper and lower viscosity cut-offs are 10'® and 10%° Pa s. Thermal expansivity (),
specific heat (Cp,) and thermal conductivity (k) are 3 x 107° K~1, 1200 J K~ kg~ !,
and 3.3 W m~! K~!, respectively.

The choice of density of the cratonic block is a key parameter for destruction. It
is quite challenging to estimate the density of the original craton before the destruction
started. (Ye et al., 2021) used the in-situ single crystal diffraction method to obtain the
pressure-temperature-volume distribution of the minerals obtained from the xenoliths
of the eastern NCC. Further using a third order Birch-Murnaghan equation of state, Ye
et al. (2021) estimated the density profile of the original craton (Fig. 2 B, black dashed
line) at ~ 200 Ma. We choose different density profiles (p;) for cratons by varying their
reference density (p?) between 3400, 3300, and 3200 kg m~2 at 20 °C, respectively. The
actual densities are calculated as p; = p?(1 — adT), where a and §T are the thermal ex-
pansivity (3x107° K~1) and deviation of temperature from 20 °C. While the estimated
density by Ye et al. (2021) falls within the range of 3280 to 3300 kg m~2 (Fig 2 B, black
dashed line), our models show similar densities to the estimated value, ranging between
3180 and 3300 kg m~2 (Fig. 2 B). Each density model is tested with three different weak-
ening rates (see next paragraph) to have 9 models (models M1-M9, Table S2). We also
test a another 9 models including high density lower crust and weak mid-lithospheric dis-
continuity (models M10 - M18, Fig. 2 C, Table S2). The dense lower crust is added at
30-70 km depth in models M13- M15 and the mid-lithospheric discontinuity is added at
60-100 km depth in models M16-M18.

To approximate gradual hydration-induced weakening in the eastern part of the
craton, we divide the cratonic lithosphere into six thin layers (Fig. 2 A). Each layer grad-
ually transitions (Spang, Burton, et al., 2022) from a dry olivine rheology to a wet olivine
rheology from bottom to top (Supplementary Table 1). This transition is deemed real-
istic based on the estimated high water content within the NCC (Xia, Liu, et al., 2013).
Dry olivine rheology makes the craton highly viscous, with a viscosity exceeding 10%* Pa
s, while wet olivine rheology results in a viscosity of less than 10?2 Pa s. However, de-
termining the exact timing of hydration of the cratonic lithosphere poses a significant
challenge. While some studies (J. Liu et al., 2019) have estimated the timing of slab dy-
namics and craton destruction, there is no consensus on the duration required for cra-
ton hydration. Experimental studies have suggested a wide range of hydrogen diffusiv-
ities, ranging from 107! to 107*m?s~! (Demouchy et al., 2007; Demouchy, 2010; Kohlst-
edt & Mackwell, 1998). Demouchy (2010) predicted a diffusivity of 5.11x107m?s~*
to be a reasonable estimate for upper mantle conditions at 1200 °C. At this rate, wa-
ter can diffuse through 100 km in approximately 60 Myr (Fig. 2 D). Several studies have
suggested that the rate of hydration could be accelerated if it is controlled by carbon-
atite melts (Hammouda & Laporte, 2000; X. Wang et al., 2022), which are abundant in
the NCC (Chen et al., 2016, 2017; X. Wang et al., 2022). Additionally, some recent hy-
potheses propose that water infiltration along the slab gap may have also influenced the
rate of hydration weakening within the NCC (Z. Wang et al., 2023). Based on various
calculations, we assume three different weakening rates, R1, R2, and R3 (Fig. 2 D), for
the hydration of the eastern block of the NCC. R3 weakens each thin layer after 9 Myr,
weakening the 100 km thick lithosphere within 54 Myr, closely matching the water dif-
fusion timescale estimated by Demouchy (2010). R1 represents the fastest weakening rate,
which can hydrate each thin layer in a time interval of 2.5 Myr, weakening the cratonic
block within 15 Myr. This faster hydration rate still falls within the estimated range of
water diffusion within the mantle (Fig. 2 D). To further assess the effect of weakening
rates in our models, we choose another intermediate case R2, which can weaken the cra-
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ton within 24 Myr. In the following sections, we analyze the results from 18 different mod-
els and discuss the factors contributing to craton destruction.

3 Results
3.1 Flat slab-induced hydration weakening and craton destruction

Amongst 18 models, we first discuss about model M2 that utilizes a fast weaken-
ing rate (R1, Fig. 2 D) and a reference density of 3300 kg m~3. With this combination,
the craton initially possesses a viscosity of the order of 1024 Pa s (Fig. 3) and a density
between 3200—3250kg m~2 (Fig. 2 B). The chosen density and viscosity maintain the
craton in equilibrium above the mantle. The slab’s density is slightly higher than that
of the surrounding mantle, triggering subduction in the model. As the slab moves down-
ward, it induces convection in the mantle, pushing the flow eastwards beneath the cra-
ton. Concurrently, as the craton gradually weakens from its base, mantle flow begins to
shear the weakened cratonic material, leading to the formation of lithospheric drips. Some
weakened sections of the craton sink towards the slab by mantle flow, where they are re-
cycled into the mantle alongside the subducting slab. By 17 Myr, the cratonic lithosphere
is completely weakened, and most lithospheric drips detach from the craton’s base (Figs.
3 A, B, video S1). Within 40 Myr, majority cratonic lithosphere is recycled into man-
tle (Figs. 3 C, D).

We calculate the percentage of mantle material replacing cratonic material in the
eastern block over time (Fig. 4). Initially, there is no mantle material replacing within
the cratonic block. As cratonic material is removed, the void is replaced by upper man-
tle material. The increase in mantle material signifies the removal of cratonic material.
From now on, we will use craton destruction or replacement of mantle material synony-
mously. Our tracking reveals that approximately 50% of mantle material replaces the
original craton within just 20 Myr (Fig. 4 A, solid pink like for model M2), indicating
a swift destruction of the majority of the craton. After the major destruction event, a
slower process removes up to ~ 70% of cratonic material within 40 Myr. The destruc-
tion further slows down due to the slab stagnating above lower mantle after ~ 40 Myr
(Figs. 3 C, D).

3.2 Effect of density and weakening rates

To comprehensively understand the mechanism of craton destruction, we conduct
additional tests with different density profiles having reference densities 3400 kg m=3 (M1)
and 3200 kg m~ (M3) (Fig 2 A). Model M1 yields an actual density ranging between
3250 and 3300 kg m~2 (Fig. 2 A). Here, we observe ~ 80 % replacement of mantle ma-
terial within the eastern part of the craton within a time interval of around 20 Myr (Fig.
4 A, solid blue line). This suggests that a high density craton can experience more rapid
destruction. Conversely, in model M3 (Table S2), where the craton density is lower than
3200 kg m—3, only 5-10% of the craton has been destroyed (Fig. 4 A, solid cyan line),
indicating that a craton with a density lower than 3200 kg m~3 may not undergo de-
struction even if it is weakened rapidly.

We further explore various hydration weakening rates using three sets of different
density models. For models M1-M3, the fastest weakening rate (R1) is applied, i.e., weak-
ening 100 km of craton within 15 Myr (Fig. 2 D). The intermediate weakening rate (R2),
which weakens 100 km craton in 24 Myr, is applied in models M4-M6 (Table S2). Fi-
nally, the slowest weakening rate (R3), weakening 100 km of craton in 54 Myr, is used
in models M7-M9 (Table S2). Regardless of the weakening rate, models with craton den-
sity below 3200 kg m~3 (models M3, M6, M9) show no significant craton destruction (Fig.
4 A, cyan lines). The amount of craton destruction is quite similar in the case of the R1
and R2 weakening rates. Both show rapid destruction of approximately 80% (models M1,
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Figure 2. A: The geometry used for models M1-M9 is depicted, with each geological unit
indicated by a specific color as indexed below. (B, C) The density profiles within the craton ob-
tained from the 18 models is illustrated, with each line representing a specific model. The legend
for B, C is provided in the lower right of the Figure. The black dashed line in (B) represents
the density estimate of the NCC before destruction (Ye et al., 2021). (D) Hydration weakening
rates calculated for different scenarios are presented. The Y-axis shows the thickness of a cra-
tonic lithosphere that can be hydrated, while the X-axis represents the time required to hydrate
that thickness of lithosphere. The top and bottom grey dashed lines represent the slowest and
fastest weakening rates for hydration weakening calculated from the experimental data provided
by Demouchy (2010). The pink dash-dot line represents the hydration weakening rate for upper
mantle water diffusion rate in saturated conditions estimated by Demouchy (2010). R1, R2, and

R3 denote the three hydration weakening rates utilized for this study.
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M4) and around 70% (models M2, M5) within approximately 20-40 Myr, respectively
(Fig. 4 A). Craton destruction is slower with R3 weakening rate. With a reference den-
sity of 3400 kg m ™2 in model M7, only 50 % craton is destroyed within 40 Myr, and for
model M8 with reference density of 3300 kg m~3, the destruction is only 25 % (Fig. 4
A).

3.3 Effect of flat slab, ecologitation, and mid-lithospheric discontinuity

In the subsequent models (M10-M18), we explore the impact of top-to-bottom de-
struction mechanisms without incorporating hydration-induced weakening. Initially, we
focus solely on the influence of flat slab subduction without weakening the craton (mod-
els M10-M12). Despite the subducting slab causing significant mantle perturbation, the
craton remains unaffected. Even when the craton is significantly denser than the under-
lying mantle (model M10), stability is maintained as long as its viscosity exceeds 1024
Pa s (Fig. S1). Tracking mantle substitution reveals minimal replacement of cratonic ma-
terial by new mantle, with the cratons remaining unaffected in all three models (M10-
M12) (Fig. 4 B, solid lines).

Introducing a denser lower crust theoretically allows for the development of crustal
drips capable of foundering through the underlying cratonic lithosphere and potentially
destroying it (Gao et al., 2004). We investigate this scenario by incorporating an inten-
tionally thick crust at a depth of 30 to 70 km, with densities reaching up to 3500 kg m—3
(models M13-M15, Table S2). Model M13 features the highest density lower crustal layer
(3500 kg m~2). Despite the high density, lower crustal foundering is not observed in this
model (Fig. S2). Tracking mantle phases indicates that less than 10% of the mantle sub-
stitutes the densest cratonic material, with negligible material substitution in the other
two models with dense lower crust (Fig. 4 B, dashed lines). This suggests that the pres-
ence of the lower crust cannot lead to craton destruction in our models.

In another scenario, we examine the effect of the weak mid-lithospheric disconti-
nuity (MLD) (models M16-M18). The reference density (p,) of the weak MLD is set at
3300 kg m~—3, and wet olivine rheology is imposed to weaken it. Similarly, we vary the
craton’s density in three models akin to previous models. In model M16, the craton’s
reference density is kept at 3400 kg m—2 (Table S2). The mantle replacement curve shows
significant craton destruction for model M16. However, the craton delaminates beneath
the weak MLD from its western part, making it inconsistent with the geological obser-
vations (Fig. S3). Craton destruction remains negligible in models M17-M18 (Fig. 4 B,
dashdot lines).

4 Discussion

The destruction of the eastern part of the NCC has been widely acknowledged. Sev-
eral mechanisms are proposed to understand the reasons for the destruction (Gao et al.,
2004; J. Liu et al., 2019; Menzies et al., 1993; F.-Y. Wu et al., 2019; J. Zheng et al., 2005;
Zhu et al., 2012) including hydration weakening, crustal foundering, and decoupling due
to a weak MLD. It is crucial to emphasize that only the eastern-central part of the cra-
ton was subjected to destruction, while the western part remained intact. To determine
the most viable mechanism for the NCC’s destruction, numerical models are developed
to simulate relevant geological scenarios.

Our results indicate that if cratons can be weakened rapidly (R1 or R2 weakening
rate), slightly faster than the diffusive timescale of water in the upper mantle (R3), 50-
80% of a craton can be destroyed within approximately 15-20 Myr, and 70-90% within
around 40 Myr. These findings are consistent with geological observations that suggested
rapid destruction of the NCC within 20-40 Myr (J. Liu et al., 2019; Chen et al., 2017).
Accelerated hydration weakening could be an effect of rapid reaction between carbon-
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atite melt and pyroxene minerals of the cratonic lithosphere (X. Wang et al., 2022) that
can form potential pathways for water to diffuse through the craton. Previous studies
indicated higher water content in the Cretaceous lithospheric mantle of the eastern part
compared to the western counterpart (Xia, Liu, et al., 2013; Xia, Hao, et al., 2013). Be-
sides subduction zone fluids, substantial carbonate sediments may have been introduced
in this region (Chen et al., 2016; X. Wang et al., 2022), erupting as carbonatite magma
and accelerating hydration weakening within the NCC (X. Wang et al., 2022).

We have observed that densities higher than the underlying mantle ( ~ 3200 kg m~3)
and viscosities of the order of 10?2 Pa s are critical for the destruction of 70-90% of the
craton in our models (M1, M2, M4, M5, M7, M8). Failure to meet either of these con-
ditions does not lead to significant destruction (see Table S2). Even in the case where
a craton’s density exceeds that of the underlying mantle, but the viscosity remains of
the order of 10%* Pa s, no lithospheric drips form (e.g., models M10, M13, M15). Con-
versely, when viscosity decreases below 1022 Pa s but the density does not surpass the
underlying mantle (~ 3200 kg m~3), the weakened craton remains intact in this short
time of 100 Myr (e.g., models M3, M6, M9). Therefore, craton destruction is profoundly
reliant on both parameters. The viscosity estimate aligns with previous studies indicat-
ing that cratons with viscosities of the order of 10?2 to 10%* Pa s can endure for at least
a few hundred million years (Paul et al., 2019; Paul & Ghosh, 2020).

For similar reasons, lower crustal foundering fails to destroy the craton in our mod-
els. Developing crustal instabilities through a highly viscous cratonic lithosphere, even
with a thick and dense lower crust, proves unfeasible. The foundering of the lower crustal
layer might be effective in active orogens like the Tibetan plateau (Houseman & Mol-
nar, 1997), where the mantle beneath the lower crust is sufficiently hot and weak to ini-
tiate such crustal instabilities. Hence, our models do not support the hypothesis of ex-
clusive lower crustal foundering leading to destruction.

Weak mid-lithospheric discontinuitie (MLD) has also proven ineffective in the NCC
destruction in most instances, except when a denser craton is positioned beneath MLD
(model M16). In such scenarios, viscous decoupling becomes more efficient, promoting
the delamination of the dense cratonic root beneath the MLD. A similar type of craton
modification has been proposed for the African craton (Z. Wang et al., 2017). However,
due to the geometrical configuration, the eastern part of the North China Craton (NCC)
was shielded by a flat slab, and destruction initiated from the western margin in pres-
ence of a weak MLD. This scenario does not agree with the geological observations, chal-
lenging the viability of the MLD-induced hypothesis in this case. A previous study mod-
eled the destruction of the NCC using a weak MLD (Shi et al., 2020); however, they did
not consider the presence of a flat slab, which could have shielded the eastern block for
an extended period. Additionally, the status of ‘weak’ MLDs under cratons is highly de-
bated (Z. Wang & Kusky, 2019), and further studies are required to determine whether
a weak MLD even existed in this region during the Jurassic.

Based on all 18 models Models we suggest that hydration weakening and subse-
quent destruction is the most viable mechanism for the NCC desturction. We note that
hydration and subsequent weakening are not explicitly modeled in our investigation. In-
stead, we use a simplified approximation to mimic the timescales of water transport and
the effects of metasomatism, thus matching the potential of hydration weakening by first
order. Furthermore, 2D models do not allow us to rule out craton destruction by trench-
parallel motion. Our results do, however, suggest that material that is not dense enough
or too viscous cannot be recycled within the time frame assumed for the NCC.

—11-



312 5 Conclusions

313 Our results demonstrate that density and viscosity of the lower cratonic lithosphere

314 both have to meet critical conditions to allow for destruction. Only if the craton’s den-

315 sity is higher than that of the underlying mantle and its viscosity is lower than 10?2 Pa

316 s, drips can form and sink into the mantle. Meeting these conditions, results in 70 - 90%

317 destruction of the lower, eastern NCC. We find that top-to-bottom processes such as founder-
318 ing due to a dense lower crust or delamination along a weak MLD fail to meet both crit-

319 ical conditions and result in a largely stable craton. In our models, only the bottom-to-

320 top process of flat slab-induced hydration and subsequent weakening fulfills both con-

321 ditions and is therefore the most viable explanation for the NCC destruction. To match

32 the established destruction timescale of 20-40 Myr, the hydration of the eastern NCC
323 needed to be sufficiently fast which was likely facilitated by subduction channel fluids
324 and the abundant carbonatite melts.

325 6 Open Research

326 Numerical models were developed using the open source finite difference code LaMEM

327 (https://github.com/UniMainzGeo/LaMEM). The model geometry is drawn using an-

328 other open source MATLAB code geomIO (https://bitbucket.org/geomio/geomio/src/master/).

320 The current version of geomlIO used in this study can be downloaded from https://zenodo.org/records/10878180.
330 Example LaMEM input file and geomlO files are uploaded in https://zenodo.org/records/10886215

3 and https://jyotirmoyp.github.io/research/craton/.
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Key Points:

« Investigation of North China Craton (NCC) destruction with thermomechanical
numerical models.

« Flat slab-induced hydration can sufficiently weaken eastern part of the North China
Craton (NCCQC).

e Craton is destroyed if its density is higher than the underlying mantle and its vis-
cosity is lower than 10?2 Pa s.
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Abstract

In this study, we develop two dimensional (2-D) box models to identify the most
viable reasons for the destruction of the North China Craton (NCC). We examine the
role of flat slab-induced hydration, high-density lower crust, and weak mid-lithospheric
discontinuity in our models. Results indicate that flat slab-induced hydration weaken-
ing of the eastern part of the NCC can lead to rapid craton destruction if hydration weak-
ening rates are sufficiently fast. This accelerated hydration rate may be attributed to
the extensive carbonatite magmatism within the eastern part of the NCC, facilitating
a faster pathway for water diffusion throughout the craton. Craton destruction is con-
tingent upon the craton’s density exceeding the surrounding mantle density, and its vis-
cosity decreasing below 1022 Pa s. We observe that the presence of a dense lower crust
or a weak mid-lithospheric discontinuity fail to destroy the NCC unless it is weakened.

Plain Language Summary

Cratons, constituting the oldest part of Earth’s lithosphere, often exceed 3 billion
years in age. Despite continuous recycling due to plate-tectonics on Earth, cratons main-
tain tectonic stability owing to their viscosity, density, and thickness. Nevertheless, cer-
tain geological activities can lead to the partial or complete destruction of cratons. A
prime example is the North China Craton (NCC), where the eastern half has undergone
extensive thinning. The mechanism behind the NCC’s destruction has been a subject
of debate for over the last two decades. In this study, we develop numerical models to
investigate the most viable geodynamic scenario for the destruction of the NCC. We find
hydration weakening, induced by fluids from the subducting slab, is the key control for
craton destuction. Geological evidence indicates the flattening of the subducting slab dur-
ing the Jurassic period. The presence of a flat slab likely facilitated partial hydration
of the eastern half of the craton, while the western half remained intact. Subsequently,
the weakened eastern segment could have been destroyed due to underlying mantle flow
if the craton possessed a density exceeding underlying mantle and a viscosity lower than
10?2 Pa s.

1 Introduction

Destruction of the North China Craton (NCC) (F.-Y. Wu et al., 2019; J. T.-J. Wu
et al., 2022; Y.-F. Zheng et al., 2013; Zhu et al., 2012) challenges the notion of immor-
tal cratons in geological history. Geophysical evidence, including the global litihospheric
thickness model (Conrad & Lithgow-Bertelloni, 2006) (Fig. 1 A), slow seismic velocity
anomalies in tomography models (Ritsema et al., 2004)(Fig. 1 A), and geochemical ob-
servations from xenolith studies (Menzies et al., 1993; Xu, 2001; Yang et al., 2008; J. Zheng
et al., 2005; Y. Zheng et al., 2018; Zhu et al., 2012), firmly establish that the eastern part
of the North China Craton is thinner than its western counterpart. Prior ~200 Ma (early
Jurassic period), the entire craton existed with a passive margin boundary and a nor-
mal cratonic thickness of approximately 200 km (Z. Wang & Kusky, 2019, c.f.). After
200 Ma, the onset of paleo-Pacific subduction along the eastern margin of the NCC re-
activated the craton margin (Tang et al., 2018). In the early Cretaceous period (~ 130
- 100 Ma), the eastern part of the craton thickness was reduced to around 100 km (Zhu
et al., 2012; F.-Y. Wu et al., 2019; J. T.-J. Wu et al., 2022; J. Zheng et al., 2005; Y. Zheng
et al., 2018; J. Liu et al., 2019). Although there is consensus regarding the extensive thin-
ning of the NCC, the mechanism behind it remains a subject of debate.

Previous studies proposed a range of possible mechanisms that could destroy the
eastern part of the NCC. The onset of paleo-Pacific subduction at the eastern margin
of the NCC has been considered as one of the most likely reasons for craton destruction
(Xu, 2001; J. Zheng et al., 2005). The nature of the subduction zone remained disputed
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for a long time until recently, when several studies proposed the existence of a flat slab
in this region. F.-Y. Wu et al. (2019) showed an age reversal of igneous rocks along an
east-west transect from the paleo-subduction zone to the middle of the craton (Fig. 1
B). Many of these igneous activities are associated with carbonatite intrusions, partic-
ularly from the eastern part of the NCC (Chen et al., 2016, 2017; X. Wang et al., 2022).
During the late Triassic and Jurassic periods, magmatic activities moved towards the
continental interior, and in the Cretaceous period, magmatism migrated towards the sea
(Fig. 1 C). This reversal is interpreted as the onset of westward flat subduction of the
Paleo-Pacific slab around 200 Ma, followed by slab rollback at approximately 160 - 140
Ma (Y. Zheng et al., 2018; J. Liu et al., 2019; F.-Y. Wu et al., 2019; J. T.-J. Wu et al.,
2022) (Fig. 1 C). The presence of a flat slab could have hydrated the eastern part of the
craton (Fig. 1 C, hatched region) (F.-Y. Wu et al., 2019; J. T.-J. Wu et al., 2022; Y. Zheng
et al., 2018), while the western block remained dry (Xia, Hao, et al., 2013). Xia, Liu, et
al. (2013) studied the clinopyroxene samples of early Cretaceous basalts from the Feix-
ian region (Fig. 1 A) and found high water content within them. They estimated that
such high water content in clinopyroxene samples is possible only if the cratonic man-
tle contained at least 1000 ppm water before ~ 120 Ma. Such high water content can
change the ’dry’ olivine rheology to wet’ olivine (Hirth & Kohlstedt, 2003; Mei & Kohlst-
edt, 2000; Xia, Liu, et al., 2013), significantly reducing the overall viscosity of the litho-
spheric mantle. Weaker cratons potentially form lithospheric drips depending on their
"available buoyancy’ (Conrad & Molnar, 1999), and those drips are removed gradually.
Y. Zheng et al. (2018) attributed the NCC destruction to such a bottom-to-top process.

There are other mechanisms that could also have destroyed the NCC. Due to high
pressure and temperature, dense eclogites are formed within the thick lower crust. This
dense layer initiates a gravitational instability which can delaminate the crust, and even-
tually destroy the cratonic lithosphere by a process called foundering (Gao et al., 2004).
Other studies have suggested the presence of a weak mid-lithospheric discontinuity (MLD)
as another potential reason for craton destruction (Liao & Gerya, 2014; L. Liu et al., 2019;
Shi et al., 2020; Z. Wang & Kusky, 2019). Unlike the slab-induced process, these two
destruction mechanisms are top-to-bottom processes, where craton destruction initiates
at the top margin (Y. Zheng et al., 2018).

In this study, we use thermomechanical numerical models to investigate the evo-
lution and destruction of the North China Craton. We investigate several scenarios to
test their mechanical and geodynamical viability. Though our primary focus is to un-
derstand flat slab-induced destruction, we also examine cases in the presence of a dense
lower crustal layer and a weak mid-lithospheric discontinuity. We explore different pa-
rameters, including density, viscosity, and the rate of hydration to support our arguments.
We calibrate the timing of destruction with geologically observed data.

2 Geodynamic model

We develop time-dependent geodynamic models, using the thermomechanical fi-
nite differences code LaMEM (Kaus et al., 2016, details in supplementary text S1) which
is routinely used to model subduction dynamics (Pusok & Stegman, 2020; Riel et al.,
2023). Our 2D model domain consists of a Cartesian box of 4000x1000 km (Fig. 2A)
and is built with geomIO (Bauville & Baumann, 2019; Spang, Baumann, & Kaus, 2022).
The continental block comprises a 40 km thick continental crust, followed by a thick con-
tinental lithosphere down to 100 km and a cratonic lithosphere root extending to a depth
of 200 km, with a width of 2000 km (Fig. 2 A). Below the continental lithosphere, the
upper mantle extends to 660 km depth, and the lower mantle to 1000 km. Each layer
is distinguished by a specific rheology given in supplementary table S1 (Hirth & Kohlst-
edt, 2003; Tirel et al., 2008). To simulate the paleo-Pacific subduction zone, we place
a flat slab along the eastern margin of the craton following the approach of F.-Y. Wu
et al. (2019) (Figs. 1 C, 2 A). The flat slab extends to the middle of the craton’s width,
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Figure 1. (A) Location of the North China Craton (NCC) marked by pink boundary. The
western and eastern blocks of the NCC are separated by the trans North China orogen. The
background colors in the Figure represent the shear wave velocity anomaly from the S20RTS
tomography model (Ritsema et al., 2004), and the green lines are the contours of lithosphere
thickness of 210 and 140 km, obtained from the global lithosphere thickness model of Conrad and
Lithgow-Bertelloni (2006). Present-day coastlines are in black. Several igneous rocks are dated
along the X-Y transect (F.-Y. Wu et al., 2019; J. T.-J. Wu et al., 2022). (B) Age distribution of
igneous rocks along X-Y transect extracted and complied from (Z. Wang & Kusky, 2019; J. T.-
J. Wu et al.,, 2022). (C) Schematic diagram of destruction of North China Craton modified after
J. Liu et al. (2019); F.-Y. Wu et al. (2019); J. T.-J. Wu et al. (2022). 1-6 represent progression of

magmatic activity with time.
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hypothetically dividing it into eastern and western part. The mantle flow dynamics are
driven by the density anomaly of the slab and an additional inflow of 1-2 cmyr—' from
the eastern margin of our model. Additionally, a temperature difference of 1600 K be-
tween the top and the bottom of the model also contributes to the vigour of mantle flow.
The upper and lower viscosity cut-offs are 10'® and 10%° Pa s. Thermal expansivity (),
specific heat (Cp,) and thermal conductivity (k) are 3 x 107° K~1, 1200 J K~ kg~ !,
and 3.3 W m~! K~!, respectively.

The choice of density of the cratonic block is a key parameter for destruction. It
is quite challenging to estimate the density of the original craton before the destruction
started. (Ye et al., 2021) used the in-situ single crystal diffraction method to obtain the
pressure-temperature-volume distribution of the minerals obtained from the xenoliths
of the eastern NCC. Further using a third order Birch-Murnaghan equation of state, Ye
et al. (2021) estimated the density profile of the original craton (Fig. 2 B, black dashed
line) at ~ 200 Ma. We choose different density profiles (p;) for cratons by varying their
reference density (p?) between 3400, 3300, and 3200 kg m~2 at 20 °C, respectively. The
actual densities are calculated as p; = p?(1 — adT), where a and §T are the thermal ex-
pansivity (3x107° K~1) and deviation of temperature from 20 °C. While the estimated
density by Ye et al. (2021) falls within the range of 3280 to 3300 kg m~2 (Fig 2 B, black
dashed line), our models show similar densities to the estimated value, ranging between
3180 and 3300 kg m~2 (Fig. 2 B). Each density model is tested with three different weak-
ening rates (see next paragraph) to have 9 models (models M1-M9, Table S2). We also
test a another 9 models including high density lower crust and weak mid-lithospheric dis-
continuity (models M10 - M18, Fig. 2 C, Table S2). The dense lower crust is added at
30-70 km depth in models M13- M15 and the mid-lithospheric discontinuity is added at
60-100 km depth in models M16-M18.

To approximate gradual hydration-induced weakening in the eastern part of the
craton, we divide the cratonic lithosphere into six thin layers (Fig. 2 A). Each layer grad-
ually transitions (Spang, Burton, et al., 2022) from a dry olivine rheology to a wet olivine
rheology from bottom to top (Supplementary Table 1). This transition is deemed real-
istic based on the estimated high water content within the NCC (Xia, Liu, et al., 2013).
Dry olivine rheology makes the craton highly viscous, with a viscosity exceeding 10%* Pa
s, while wet olivine rheology results in a viscosity of less than 10?2 Pa s. However, de-
termining the exact timing of hydration of the cratonic lithosphere poses a significant
challenge. While some studies (J. Liu et al., 2019) have estimated the timing of slab dy-
namics and craton destruction, there is no consensus on the duration required for cra-
ton hydration. Experimental studies have suggested a wide range of hydrogen diffusiv-
ities, ranging from 107! to 107*m?s~! (Demouchy et al., 2007; Demouchy, 2010; Kohlst-
edt & Mackwell, 1998). Demouchy (2010) predicted a diffusivity of 5.11x107m?s~*
to be a reasonable estimate for upper mantle conditions at 1200 °C. At this rate, wa-
ter can diffuse through 100 km in approximately 60 Myr (Fig. 2 D). Several studies have
suggested that the rate of hydration could be accelerated if it is controlled by carbon-
atite melts (Hammouda & Laporte, 2000; X. Wang et al., 2022), which are abundant in
the NCC (Chen et al., 2016, 2017; X. Wang et al., 2022). Additionally, some recent hy-
potheses propose that water infiltration along the slab gap may have also influenced the
rate of hydration weakening within the NCC (Z. Wang et al., 2023). Based on various
calculations, we assume three different weakening rates, R1, R2, and R3 (Fig. 2 D), for
the hydration of the eastern block of the NCC. R3 weakens each thin layer after 9 Myr,
weakening the 100 km thick lithosphere within 54 Myr, closely matching the water dif-
fusion timescale estimated by Demouchy (2010). R1 represents the fastest weakening rate,
which can hydrate each thin layer in a time interval of 2.5 Myr, weakening the cratonic
block within 15 Myr. This faster hydration rate still falls within the estimated range of
water diffusion within the mantle (Fig. 2 D). To further assess the effect of weakening
rates in our models, we choose another intermediate case R2, which can weaken the cra-
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ton within 24 Myr. In the following sections, we analyze the results from 18 different mod-
els and discuss the factors contributing to craton destruction.

3 Results
3.1 Flat slab-induced hydration weakening and craton destruction

Amongst 18 models, we first discuss about model M2 that utilizes a fast weaken-
ing rate (R1, Fig. 2 D) and a reference density of 3300 kg m~3. With this combination,
the craton initially possesses a viscosity of the order of 1024 Pa s (Fig. 3) and a density
between 3200—3250kg m~2 (Fig. 2 B). The chosen density and viscosity maintain the
craton in equilibrium above the mantle. The slab’s density is slightly higher than that
of the surrounding mantle, triggering subduction in the model. As the slab moves down-
ward, it induces convection in the mantle, pushing the flow eastwards beneath the cra-
ton. Concurrently, as the craton gradually weakens from its base, mantle flow begins to
shear the weakened cratonic material, leading to the formation of lithospheric drips. Some
weakened sections of the craton sink towards the slab by mantle flow, where they are re-
cycled into the mantle alongside the subducting slab. By 17 Myr, the cratonic lithosphere
is completely weakened, and most lithospheric drips detach from the craton’s base (Figs.
3 A, B, video S1). Within 40 Myr, majority cratonic lithosphere is recycled into man-
tle (Figs. 3 C, D).

We calculate the percentage of mantle material replacing cratonic material in the
eastern block over time (Fig. 4). Initially, there is no mantle material replacing within
the cratonic block. As cratonic material is removed, the void is replaced by upper man-
tle material. The increase in mantle material signifies the removal of cratonic material.
From now on, we will use craton destruction or replacement of mantle material synony-
mously. Our tracking reveals that approximately 50% of mantle material replaces the
original craton within just 20 Myr (Fig. 4 A, solid pink like for model M2), indicating
a swift destruction of the majority of the craton. After the major destruction event, a
slower process removes up to ~ 70% of cratonic material within 40 Myr. The destruc-
tion further slows down due to the slab stagnating above lower mantle after ~ 40 Myr
(Figs. 3 C, D).

3.2 Effect of density and weakening rates

To comprehensively understand the mechanism of craton destruction, we conduct
additional tests with different density profiles having reference densities 3400 kg m=3 (M1)
and 3200 kg m~ (M3) (Fig 2 A). Model M1 yields an actual density ranging between
3250 and 3300 kg m~2 (Fig. 2 A). Here, we observe ~ 80 % replacement of mantle ma-
terial within the eastern part of the craton within a time interval of around 20 Myr (Fig.
4 A, solid blue line). This suggests that a high density craton can experience more rapid
destruction. Conversely, in model M3 (Table S2), where the craton density is lower than
3200 kg m—3, only 5-10% of the craton has been destroyed (Fig. 4 A, solid cyan line),
indicating that a craton with a density lower than 3200 kg m~3 may not undergo de-
struction even if it is weakened rapidly.

We further explore various hydration weakening rates using three sets of different
density models. For models M1-M3, the fastest weakening rate (R1) is applied, i.e., weak-
ening 100 km of craton within 15 Myr (Fig. 2 D). The intermediate weakening rate (R2),
which weakens 100 km craton in 24 Myr, is applied in models M4-M6 (Table S2). Fi-
nally, the slowest weakening rate (R3), weakening 100 km of craton in 54 Myr, is used
in models M7-M9 (Table S2). Regardless of the weakening rate, models with craton den-
sity below 3200 kg m~3 (models M3, M6, M9) show no significant craton destruction (Fig.
4 A, cyan lines). The amount of craton destruction is quite similar in the case of the R1
and R2 weakening rates. Both show rapid destruction of approximately 80% (models M1,
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Figure 2. A: The geometry used for models M1-M9 is depicted, with each geological unit
indicated by a specific color as indexed below. (B, C) The density profiles within the craton ob-
tained from the 18 models is illustrated, with each line representing a specific model. The legend
for B, C is provided in the lower right of the Figure. The black dashed line in (B) represents
the density estimate of the NCC before destruction (Ye et al., 2021). (D) Hydration weakening
rates calculated for different scenarios are presented. The Y-axis shows the thickness of a cra-
tonic lithosphere that can be hydrated, while the X-axis represents the time required to hydrate
that thickness of lithosphere. The top and bottom grey dashed lines represent the slowest and
fastest weakening rates for hydration weakening calculated from the experimental data provided
by Demouchy (2010). The pink dash-dot line represents the hydration weakening rate for upper
mantle water diffusion rate in saturated conditions estimated by Demouchy (2010). R1, R2, and

R3 denote the three hydration weakening rates utilized for this study.
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M4) and around 70% (models M2, M5) within approximately 20-40 Myr, respectively
(Fig. 4 A). Craton destruction is slower with R3 weakening rate. With a reference den-
sity of 3400 kg m ™2 in model M7, only 50 % craton is destroyed within 40 Myr, and for
model M8 with reference density of 3300 kg m~3, the destruction is only 25 % (Fig. 4
A).

3.3 Effect of flat slab, ecologitation, and mid-lithospheric discontinuity

In the subsequent models (M10-M18), we explore the impact of top-to-bottom de-
struction mechanisms without incorporating hydration-induced weakening. Initially, we
focus solely on the influence of flat slab subduction without weakening the craton (mod-
els M10-M12). Despite the subducting slab causing significant mantle perturbation, the
craton remains unaffected. Even when the craton is significantly denser than the under-
lying mantle (model M10), stability is maintained as long as its viscosity exceeds 1024
Pa s (Fig. S1). Tracking mantle substitution reveals minimal replacement of cratonic ma-
terial by new mantle, with the cratons remaining unaffected in all three models (M10-
M12) (Fig. 4 B, solid lines).

Introducing a denser lower crust theoretically allows for the development of crustal
drips capable of foundering through the underlying cratonic lithosphere and potentially
destroying it (Gao et al., 2004). We investigate this scenario by incorporating an inten-
tionally thick crust at a depth of 30 to 70 km, with densities reaching up to 3500 kg m—3
(models M13-M15, Table S2). Model M13 features the highest density lower crustal layer
(3500 kg m~2). Despite the high density, lower crustal foundering is not observed in this
model (Fig. S2). Tracking mantle phases indicates that less than 10% of the mantle sub-
stitutes the densest cratonic material, with negligible material substitution in the other
two models with dense lower crust (Fig. 4 B, dashed lines). This suggests that the pres-
ence of the lower crust cannot lead to craton destruction in our models.

In another scenario, we examine the effect of the weak mid-lithospheric disconti-
nuity (MLD) (models M16-M18). The reference density (p,) of the weak MLD is set at
3300 kg m~—3, and wet olivine rheology is imposed to weaken it. Similarly, we vary the
craton’s density in three models akin to previous models. In model M16, the craton’s
reference density is kept at 3400 kg m—2 (Table S2). The mantle replacement curve shows
significant craton destruction for model M16. However, the craton delaminates beneath
the weak MLD from its western part, making it inconsistent with the geological obser-
vations (Fig. S3). Craton destruction remains negligible in models M17-M18 (Fig. 4 B,
dashdot lines).

4 Discussion

The destruction of the eastern part of the NCC has been widely acknowledged. Sev-
eral mechanisms are proposed to understand the reasons for the destruction (Gao et al.,
2004; J. Liu et al., 2019; Menzies et al., 1993; F.-Y. Wu et al., 2019; J. Zheng et al., 2005;
Zhu et al., 2012) including hydration weakening, crustal foundering, and decoupling due
to a weak MLD. It is crucial to emphasize that only the eastern-central part of the cra-
ton was subjected to destruction, while the western part remained intact. To determine
the most viable mechanism for the NCC’s destruction, numerical models are developed
to simulate relevant geological scenarios.

Our results indicate that if cratons can be weakened rapidly (R1 or R2 weakening
rate), slightly faster than the diffusive timescale of water in the upper mantle (R3), 50-
80% of a craton can be destroyed within approximately 15-20 Myr, and 70-90% within
around 40 Myr. These findings are consistent with geological observations that suggested
rapid destruction of the NCC within 20-40 Myr (J. Liu et al., 2019; Chen et al., 2017).
Accelerated hydration weakening could be an effect of rapid reaction between carbon-
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atite melt and pyroxene minerals of the cratonic lithosphere (X. Wang et al., 2022) that
can form potential pathways for water to diffuse through the craton. Previous studies
indicated higher water content in the Cretaceous lithospheric mantle of the eastern part
compared to the western counterpart (Xia, Liu, et al., 2013; Xia, Hao, et al., 2013). Be-
sides subduction zone fluids, substantial carbonate sediments may have been introduced
in this region (Chen et al., 2016; X. Wang et al., 2022), erupting as carbonatite magma
and accelerating hydration weakening within the NCC (X. Wang et al., 2022).

We have observed that densities higher than the underlying mantle ( ~ 3200 kg m~3)
and viscosities of the order of 10?2 Pa s are critical for the destruction of 70-90% of the
craton in our models (M1, M2, M4, M5, M7, M8). Failure to meet either of these con-
ditions does not lead to significant destruction (see Table S2). Even in the case where
a craton’s density exceeds that of the underlying mantle, but the viscosity remains of
the order of 10%* Pa s, no lithospheric drips form (e.g., models M10, M13, M15). Con-
versely, when viscosity decreases below 1022 Pa s but the density does not surpass the
underlying mantle (~ 3200 kg m~3), the weakened craton remains intact in this short
time of 100 Myr (e.g., models M3, M6, M9). Therefore, craton destruction is profoundly
reliant on both parameters. The viscosity estimate aligns with previous studies indicat-
ing that cratons with viscosities of the order of 10?2 to 10%* Pa s can endure for at least
a few hundred million years (Paul et al., 2019; Paul & Ghosh, 2020).

For similar reasons, lower crustal foundering fails to destroy the craton in our mod-
els. Developing crustal instabilities through a highly viscous cratonic lithosphere, even
with a thick and dense lower crust, proves unfeasible. The foundering of the lower crustal
layer might be effective in active orogens like the Tibetan plateau (Houseman & Mol-
nar, 1997), where the mantle beneath the lower crust is sufficiently hot and weak to ini-
tiate such crustal instabilities. Hence, our models do not support the hypothesis of ex-
clusive lower crustal foundering leading to destruction.

Weak mid-lithospheric discontinuitie (MLD) has also proven ineffective in the NCC
destruction in most instances, except when a denser craton is positioned beneath MLD
(model M16). In such scenarios, viscous decoupling becomes more efficient, promoting
the delamination of the dense cratonic root beneath the MLD. A similar type of craton
modification has been proposed for the African craton (Z. Wang et al., 2017). However,
due to the geometrical configuration, the eastern part of the North China Craton (NCC)
was shielded by a flat slab, and destruction initiated from the western margin in pres-
ence of a weak MLD. This scenario does not agree with the geological observations, chal-
lenging the viability of the MLD-induced hypothesis in this case. A previous study mod-
eled the destruction of the NCC using a weak MLD (Shi et al., 2020); however, they did
not consider the presence of a flat slab, which could have shielded the eastern block for
an extended period. Additionally, the status of ‘weak’ MLDs under cratons is highly de-
bated (Z. Wang & Kusky, 2019), and further studies are required to determine whether
a weak MLD even existed in this region during the Jurassic.

Based on all 18 models Models we suggest that hydration weakening and subse-
quent destruction is the most viable mechanism for the NCC desturction. We note that
hydration and subsequent weakening are not explicitly modeled in our investigation. In-
stead, we use a simplified approximation to mimic the timescales of water transport and
the effects of metasomatism, thus matching the potential of hydration weakening by first
order. Furthermore, 2D models do not allow us to rule out craton destruction by trench-
parallel motion. Our results do, however, suggest that material that is not dense enough
or too viscous cannot be recycled within the time frame assumed for the NCC.

—11-



312 5 Conclusions

313 Our results demonstrate that density and viscosity of the lower cratonic lithosphere

314 both have to meet critical conditions to allow for destruction. Only if the craton’s den-

315 sity is higher than that of the underlying mantle and its viscosity is lower than 10?2 Pa

316 s, drips can form and sink into the mantle. Meeting these conditions, results in 70 - 90%

317 destruction of the lower, eastern NCC. We find that top-to-bottom processes such as founder-
318 ing due to a dense lower crust or delamination along a weak MLD fail to meet both crit-

319 ical conditions and result in a largely stable craton. In our models, only the bottom-to-

320 top process of flat slab-induced hydration and subsequent weakening fulfills both con-

321 ditions and is therefore the most viable explanation for the NCC destruction. To match

32 the established destruction timescale of 20-40 Myr, the hydration of the eastern NCC
323 needed to be sufficiently fast which was likely facilitated by subduction channel fluids
324 and the abundant carbonatite melts.

325 6 Open Research

326 Numerical models were developed using the open source finite difference code LaMEM

327 (https://github.com/UniMainzGeo/LaMEM). The model geometry is drawn using an-

328 other open source MATLAB code geomIO (https://bitbucket.org/geomio/geomio/src/master/).

320 The current version of geomlIO used in this study can be downloaded from https://zenodo.org/records/10878180.
330 Example LaMEM input file and geomlO files are uploaded in https://zenodo.org/records/10886215

3 and https://jyotirmoyp.github.io/research/craton/.
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Text S1. Thermomechanical Code
The thermomechanical finite differences code LaMEM (Kaus et al., 2016) solves for
the conservation of momentum, mass and energy (eq. 1-3), using a staggered grid in

combination with a marker-in-cell approach (Harlow & Welch, 1965).
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DT 0 oT
- = k b4

7;; is the Cauchy stress deviator, z;(i = 1,2,3) denotes the Cartesian coordinates, P is
pressure (positive in compression), p density, g; gravitational acceleration, v; the velocity
vector, C), the specific heat capacity, T the temperature, k the thermal conductivity, H the
volumetric heat source and D/Dt is the material time derivative. Free slip conditions are
applied to the boundaries of the model domain, allowing movement parallel to the domain
edges while setting perpendicular velocities to 0 (with the exception of the oceanic plate
inflow on the right boundary). At the top of the setup, we include sticky air above the
stabilized free surface (Duretz et al., 2011; Kaus et al., 2010). The rocks are characterized
by a temperature- and strain rate-dependent visco-elasto-plastic rheology where the strain

rate is the sum of the elastic, viscous and plastic components:

gy = &5+ el + &b (4)
¢;; denotes the total deviatoric strain rate tensor, while é‘f}, é;’; and éf; represent the elastic,
viscous and plastic strain rate components. A detailed discussion of this equation and all
of its components is given by (Kaus et al., 2016), but here we will focus on the material

parameters which impact the three components.

The elastic component éf} is inverse proportional to the shear modulus G:

1 Dry;
-el )
R 5
TG Dt ©)

where D7;;/ Dt corresponds to the objective derivative of the stress tensor. For simplicity,

we chose G = 60 GPa for all materials.
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The viscous strain rate component 5;’; is subdivided into diffusion and dislocation creep

(eq. 6):

i adif | edis i) 1 1 )
€ij =&y TE&y5 = = + ; 6
! ! ’ 2 (Udif Tdis ( )

where ng;r and 7g;s are defined as follows:

1 _ FEai
o= Z(Bae) L
Naif 2( dlf) exXp (RT) ; (7)
1 1, iy 1o Fqs
e = 3(Ba) ) o () ©
~dis

where B is the creep constant, E the activation energy, €77 the square root of the sec-

ond invariant of the dislocation creep strain rate (95 = (3e¢f)1/2) 'n the powerlaw
exponent, R the universal gas constant and 7' the temperature.
The plastic component is characterized by the Drucker-Prager failure criterion (Drucker

& Prager, 1952) which is a good approximation of Byerlee’s law (Byerlee, 1978):

711 < sin(@) P + cos(¢)cg 9)

777 is the square root of the second invariant of the stress tensor (7;; = (%Tijnj)l/ 3, ¢ is
the friction angle, P the pressure and ¢y the cohesion. Equation 9 describes how much
stress can be accommodated with visco-elastic deformation.

In addition to the described rheology, we also employ lower and upper cut-offs to the
effective viscosity of 10 Pas and 10%° Pas respectively. The partitioning between the

different rheological components cannot be solved analytically but requires local iterations

in each node of the grid.
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Table S2: List of model parameters

Model Hydration Weakening Weak Dense Reference  Destruction%
weakening rate MLD lower crust craton after 100
density Myr
(p?, kg m~?)

M1 Yes R1 No No 3400 87
M2 Yes R1 No No 3300 66
M3 Yes R1 No No 3200 7
M4 Yes R2 No No 3400 87
M5 Yes R2 No No 3300 70
M6 Yes R2 No No 3200 7
M7 Yes R3 No No 3400 86
M8 Yes R3 No No 3300 47
M9 Yes R3 No No 3200 6
M10 No - No No 3400 10
M11 No - No No 3300 5
M12 No - No No 3200 1
M13 No - No Yes 3400 8
M14 No - No Yes 3300 11
M15 No - No Yes 3200 8
M16 No - Yes No 3400 37
M17 No - Yes No 3300 0
M18 No - Yes No 3200 0
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Additional Supporting Information (Files uploaded separately)
1. Captions for Movies S1
Movie S1. Animation showing the destruction of the NCC from model M2. Descriptions

of different colors are given in Fig. 2.
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Figure S1. Snapshot of the NCC evolution from model M10 at 61 Myr. Background

colors in A represent geological unit/phases which are indexed below. Dark blue region
indicates the weak craton which is forming lithospheric drips. Solid white lines indicate
isotherms of 1200 °C and 1400 °C. Background colors in B represent viscosity and the
arrows represent mantle flow velocity. Viscosity and velocity scales are given below. White

dashed line represents the craton, which is not destroyed in this model.
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Snapshot of the NCC evolution in presence of a dense lower crust (pink

colored region in A, model 13) at 61 Myr. Figure description is exactly same as the Fig.
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Figure S3. Snapshot of the NCC evolution in presence of a weak MLD (pink colored

region in A, model 16) at 60 Myr. Figure description is exactly same as the Fig. S1. The

craton starts delaminating from the western margin.
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