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Abstract. Continental silicate weathering and seafloor carbonate precipitation are key steps in
the carbonate-silicate cycle to draw down CO2. Contrary to the classic understanding of negative
feedback, silicate weathering can exhibit positive feedback at high temperatures. Taking into
account this positive feedback, the compensation depth (CCD) in exoplanet oceans becomes
shallower, implying a potential instability in the carbonate-silicate cycle at high temperatures.
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1. Introduction

The carbonate-silicate cycle is a geochemical cycle that is thought to have enabled
temperate climates during the history of Earth by recycling CO2 through planetary
carbon reservoirs (Walker et al. 1981; Berner et al. 1983; Krissansen-Totton et al. 2018).
The regulation of atmospheric CO2 ensures that the greenhouse warming effect of CO2 is
sufficient to maintain a clement surface temperature T and a liquid water reservoir on the
surface, which are vital for long-term habitability Catling & Zahnle (2020). During the
Archean, when the sun was only 70% as bright as today (Sagan & Mullen 1972), a warmer
climate was ensured by a higher CO2 partial pressure PCO2

and a lower intensity of silicate
weathering (Kasting et al. 1993). Walker et al. (1981) discovered that the weathering of
continental silicate rocks provides negative feedback to create a thermostat-like effect.
If outgassing increases, PCO2

rises and consequently weathering intensifies to increase
the CO2 drawdown. Alternatively, if outgassing decreases, weathering diminishes until
PCO2

is high enough to attain a new balance between weathering and outgassing. Once
the silicate weathering products are transported to oceans by rivers, the precipitation of
carbonates occurs on the seafloor for eventual subduction of carbonates into the mantle
(Sleep & Zahnle 2001). The carbonate compensation depth (CCD) is a critical ocean
depth below which carbonates are unstable and dissolve into the ocean (Broecker & Peng
1987; Zeebe & Westbroek 2003). If the ocean depth exceeds the CCD, the carbonates
cannot be removed from the ocean-atmosphere system and the carbonate-silicate cycle
halts.

2. Positive weathering feedback

With the application of a multi-regime silicate weathering model (W = f(PCO2
, T )) of

(Maher & Chamberlain 2014), Hakim et al. (2021) find that weathering exhibits negative
feedback at low temperatures (W ∝ T ), but positive feedback at high temperatures (W ∝
1/T , Fig. 1a). There is a transition from the classic kinetic limit (Walker et al. 1981) to
the thermodynamic limit. The transition temperature is sensitive to rock composition
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Figure 1. (a) Continental weathering scaling relations of Walker et al. (1981) and Hakim et al.
(2021) for three PCO2 values. (b) Carbonate compensation depth (CCD) in exoplanet oceans for
the two weathering models is based on the OCRA ocean chemistry model (Hakim et al. 2023).

(e.g., kinetic and thermodynamic properties of granite, basalt or peridotite) and soil
transport properties (e.g., flowpath length, soil age) (Hakim et al. 2021). The transition
temperature also increases with PCO2

(Fig. 1a calculations for 3 constant values of PCO2
).

It is important to note that PCO2
should be coupled to T via a climate model (Krissansen-

Totton et al. 2018), but it is kept constant here to isolate the effect of temperature.

3. Shallow Carbonate Compensation Depths

Fig. 1b shows that the CCD first increases and then decreases with T (ocean tem-
perature = surface temperature). For the modern model (black solid line, Fig. 1b), the
CCD sharply increases from about 0 km at 288 K to >45 km at 310 K. Beyond 360 K,
the CCD decreases due to silicates becoming more stable than carbonates (Hakim et al.
2023). The CCD becomes deeper at 100× modern PCO2

and shallower at 0.01× modern
PCO2

. When the multi-regime weathering model from Hakim et al. (2021) is used (blue
lines, Fig. 1b), the CCD becomes shallower at high T than that in classic kinetic weather-
ing cases. This is a result of the transition from the negative weathering feedback at low
T to the positive weathering feedback at high T (Fig. 1a). This effect is strong enough
to ensure that no carbonates are stable in oceans when PCO2

is 0.01× of the modern
value. Shallower CCDs at higher T imply a potential instability in the carbonate-silicate
cycle. Future studies need to evaluate the effect of the coupled climate and multi-regime
weathering models on the CCD.
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