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            Abstract
The balance between photosynthetic organic carbon production and respiration controls atmospheric composition and climate1,2. The majority of organic carbon is respired back to carbon dioxide in the biosphere, but a small fraction escapes remineralization and is preserved over geological timescales3. By removing reduced carbon from Earthâ€™s surface, this sequestration process promotes atmospheric oxygen accumulation2 and carbon dioxide removal1. Two major mechanisms have been proposed to explain organic carbon preservation: selective preservation of biochemically unreactive compounds4,5 and protection resulting from interactions with a mineral matrix6,7. Although both mechanisms can operate across a range of environments and timescales, their global relative importance on 1,000-year to 100,000-year timescales remains uncertain4. Here we present a global dataset of the distributions of organic carbon activation energy and corresponding radiocarbon ages in soils, sediments and dissolved organic carbon. We find that activation energy distributions broaden over time in all mineral-containing samples. This result requires increasing bond-strength diversity, consistent with the formation of organo-mineral bonds8 but inconsistent with selective preservation. Radiocarbon ages further reveal that high-energy, mineral-bound organic carbon persists for millennia relative to low-energy, unbound organic carbon. Our results provide globally coherent evidence for the proposed7 importance of mineral protection in promoting organic carbon preservation. We suggest that similar studies of bond-strength diversity in ancient sediments may reveal how and why organic carbon preservationâ€”and thus atmospheric composition and climateâ€”has varied over geological time.
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                    Fig. 1: Schematic representation of two potential preservation mechanisms.[image: ]


Fig. 2: E and 14C age distributions.[image: ]


Fig. 3: Predicted and observed p(E) evolution.[image: ]


Fig. 4: Predicted and observed Î¼E and ÏƒE evolution.[image: ]
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Extended Data Fig. 1 Sample locations.
Marine/riverine DOC (black circles), soil OC (white squares), riverine POC (red triangles), and marine sediment OC (blue diamonds). See Extended Data Table 1 for GPS coordinates, sample collection information, and original publication references. (This figure was generated using the Geographic Resources Analysis Support System (GRASS) GIS software (https://grass.osgeo.org/) and the latitude/longitude sample locations that are provided in Extended Data Table 1.).


Extended Data Fig. 2 Intra-sample 14C age variances.
All individual mineral-containing samples (soil, white squares; river POC, red triangles; marine sediment OC, blue diamonds) plotted against %OC reveal a globally coherent power-law relationship (black solid line). r is the reduced major axis correlation coefficient. Age variance is calculated as the sample variance of 14C ages for all RPO fractions within a given sample (equation (4)). Age variance and %OC are presented on logarithmic scales. Uncertainty (Â±1Ïƒ) is smaller than the marker for all data points. The %OC axis is reversed to emphasize that OC content generally decreases with time.
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