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Discussion S1. Organo-metal associations in soil, and concordant radionuclide models of SOM age
Carbon-metal associations begin in atmospheric deposition where fallout radionuclides (FRNs) and other particle-reactive metals bind to carbonaceous particulate matter (PM), to dissolved organic matter (DOM) in throughfall (rainfall passing through vegetation canopy), to foliar and forest floor soil organic matter (SOM), or, for geogenic 228Ra and 228Th, by direct fixation in foliar organic matter via root-shoot pathways 1,2 3. We refer to these associations as organometallic complexes since they are formed by sorption of metals to organic moities. Once transferred to soils with their associated natural organic matter (NOM), the conjoining of metal and carbon cycles persists during decomposition and the formation of authigenic oxyhydroxides of Fe, Al, and Mn in leaf litter and organic soil horizons 4–9. The conservation of  heavy metals, fallout radionuclides, and carbon in organic and mineral soils is progressively driven by oxyhydroxide minerals, which are a primary factor in developing MAOM linked to soil carbon persistence 10–15. The thermodynamic affinity of Pb for SOM is comparable to that of the soil forming elements Fe and Al; these form the strongest metal-humate complexes 16,17. These organometal complexes thus formed evolve to organomineral complexes and MAOM by polymerization and aggregation during pedogenesis17,18. They promote the co-transport of metals and carbon both within soils and across landscapes 19–21. With their strong affinity for carbon, we propose that FRN age models are quintessential chronometers of soil carbon sequestration.

Discussion S2. Comparing LRC,  14C age, and 14C turnover models
S.2.1 the LRC model. The LRC model is an empirical, numerical age model based on the fallout radionuclides (FRNs) 7Be (half-life 54 days) and 210Pb (half-life 22.3 years). The FRNs are produced naturally in the atmosphere and deposited to vegetation and soil by wet and dry deposition in typical proportions of 80% and 20% of annual flux, respectively 22,23. FRNs are critical tracers of modern atmosphere-biosphere interaction because their production in the atmosphere is ubiquitous, their availability is thus universal, and due to their short half-lives their occurrence is readily related to their atmospheric source without overprinting due to mixing with legacy reservoirs.

The LRC model is similar to well-established peat and sediment dating using the well-known Constant Rate of Supply (CRS) model based on 210Pb but adds 7Be in an open-system framework to allow non-steady-state dating and to explicitly correct for the penetration of FRNs below the soil surface that occurs during rainfall and throughfall. Typically, ca. 40% of FRN deposition to the soil surface occurs with litterfall and the balance enters via wet deposition reaching soil depths of 10 to 15 cm with characteristic exponential decline 2,24,25. The model reference horizon is the canopy of vegetation, and the model traces net downward transport of 210Pb from the canopy through soil due to both advective and dispersive processes. Age dates should thus be seen as averages since mixing due to dispersion is not explicitly incorporated into the model. However, these ages accurately and precisely represent the migration time of e.g. an atmospheric pulse of metals such as Hg, Pb, and 241Am through the soil column in association with SOM 2,23,25. Impact of roots on LRC dating are discussed below in Discussion S3.
	
S2.2. calibrated 14C age. We explored two different approaches to estimating soil carbon age using 14C (Fig. S1). First, the dating approach compares soil 14C/12C isotopic composition ( in Δ14C notation) directly to the known atmospheric bomb curve using, e.g., the online CALIbomb tool 26. The Δ 14C age model assumes a system in which soil is treated as a composite of discrete layers that perfectly record atmospheric 14C from the time of carbon fixation. The approach does not accommodate soil dispersion that occurs due to bioturbation, cryoturbation, etc. 27. These processes dampen the bomb-peak concentration of 14C in soils by mixing layers of peak 14C deposition in the 1960s with those above and below containing lower 14C concentrations. The 14C dating model is thus unable to reconstruct the full timescale of 14C fixation and instead returns values that are discontinuous, either much younger or much older that the true age through decades of the 1960s to 1970s. We call this effect the bomb gap.

Finally, because atmospheric concentrations of 14C are non-unique through time, the 14C dating approach yields multiple candidate ages with no a priori expectation for choosing the likely correct one (Fig. S3). Here we define the age closest to LRC as the harmonized age.

S2.3. 14C turnover models. A second approach for extracting age information from 14C, the turnover model assumes a homogeneous pool of carbon per layer or horizon and models turnover time or TT of atmospheric 14C inputs to match measured soil  Δ14C value, assuming steady-state between carbon losses and inputs, i.e. it is a black box mixing model 28,29. TT is the inverse of a first-order loss constant, k. The turnover box model requires a perfectly mixed static horizon in which ongoing inputs are homogenized within the box, with no age stratification. Output of 14C must exactly reflect composition of the whole pool. If, however, the pool is stratified, then outputs reflect only the oldest carbon, the pool remains younger than prediction, and the model will overestimate turnover time. 

Like the calibrated 14C age model approach, the turnover model produces multiple candidate turnover times due to the symmetry of the atmospheric bomb curve (Fig. S4). These yield an hourglass shape when plotted against LRC soil age. By convention and absent other constraints, the older single-pool turnover time is typically selected (in keeping with presumptions of the model system as static and well-mixed). Here, LRC ages provide independent a priori evidence that the shorter TT is likely to be correct and we select the 14C candidate closest to LRC age as the harmonized estimate. The TT model numerically smooths data across the bomb gap, but its impact is still evidenced where, for example, the model is unable to converge to a solution for F14C values >1.13 for soils collected after 2022.

The 14C calibrated age and turnover approaches represent end-member scenarios of soil transport from pure advection to pure dispersion. LRC succeeds because it empirically measures net transport from both advection and dispersion. While resulting ages thus represent averages and the underlying distribution of ages remains unknown, nonetheless the mean age is both accurate and precise and, for example, accurately dates atmospheric inputs of metals and carbon 2,25.

Discussion S3. impacts of root carbon and below-ground allocation on LRC dating of SOM
The impact of below-ground carbon allocation (roots and exudates) on both age of SOM and the shape of the soil carbon depth profile remain challenging to quantify 30,31. Like 14C approaches, LRC does not distinguish root and shoot carbon based on age determination alone. This is important because of the different soil depths that root and shoot impact the carbon profile. When assessing the impact of below-ground carbon allocation on LRC dating, it is important to recognize that FRN deposition occurs to both above-ground and below-ground organic matter. Typically, ca. 40% of new FRN deposition is retained above ground by canopy of vegetation, and the remainder penetrates the soil surface where it directly labels or tags SOM in situ3,24. Below-ground FRN deposition declines exponential with depth with ca. 50% of deposition above 5 cm, and ca. 10% of deposition reaching 10 cm or more in forest soils 2,25. 

The surface area of live root carbon is limited relative to bulk soil, so root biomass plays a limited role in binding FRNs. There is limited direct uptake of FRNs through plant metabolism, so we do not expect translocation of FRNs to growing roots. For example, in salt marsh with deep-rooted grasses, the contribution of roots to the 210Pb budget is about 10% for the entire profile (unpublished data). We instead expect that FRNs label or tag root and exudate carbon continuously, only as it turns over to the SOM pool. The age of SOM computed by LRC will then be a weighted average of above-ground SOM advecting through a given soil layer, and below-ground SOM produced in situ. We explicitly acknowledge that SOM is a mixture of younger and older components, and that LRC yields an average while the distribution of ages remains unknown.

At soil depths below FRN deposition the production of significant root or exudate SOM will not impact LRC dating but will inject additional carbon into the soil profile. The turnover rates of this deep root carbon are generally unknown, and the impact on true age of SOM is therefore difficult to assess. It is significant that we do not see a crossover to younger ages in the LRC v. 14C age plot (Fig. S5), which suggests that the cumulative turnover of root carbon to SOM is slow relative to advection that governs the LRC model system. It may also be fortuitous that deep root carbon might have similar turnover times to surrounding SOM. From the perspective of carbon flux and k calculated with LRC ages, the injection of deep root carbon into the soil profile will offset SOM losses due to mineralization and may even yield increasing carbon flux with depth. In this manner LRC dating provides a means for identifying and possibly quantifying below-ground allocation if flux or k can be determined otherwise. It may be useful therefore to interpret LRC ages as migration times, which are complementary to carbon turnover and transit times derived from 14C approaches 30,32.

Discussion S4. Estimating Luquillo NPP from above-ground productivity
Above ground NPP for Luquillo sites is estimated to be 336 g m-2 y-1 for Elfin forest, 689 g m-2 y-1 for palo colorado, 1769 g m-2 y-1 for tabonuco, and as much as 1771 for sierra palm 33. We assume that below-ground allocation is typically about 30% of total, so if extrapolated to total NPP corresponding rates of carbon accumulation would be 480, 986, and 1362, and 2529 g m-2 y-1, respectively.

Discussion S5. local calibration of atmospheric 14C using leaf timeseries
We used a long-term time series of leaf collections to test how well local foliage reflects the published NHZ1 atmospheric curve used for ∆14C dating. We collected leaves of red oak (Quercus rubra) saplings approximately monthly from 2011 through 2021 for FRN analysis and here used archived samples to measure 14C 34,35. Age of leaves is known from the recorded date of leaf out. We found a mean difference =1.7 ±0.4 years (±SE, n=7) over the time span of 2013 to 2019 with NHZ1 slightly underestimating age of the leaves [two-tailed t, p=0.009].
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Figure S1. Conceptual models for soil carbon age-depth relationship. (a) calibrated 14C dating assumes no mixing and that carbon accumulates in discrete layers, e.g. CaliBromb 26, (b) fallout radionuclide Linked Radionuclide aCcumulation (LRC) model is an empirical numerical approach that measures net carbon transport and accommodates partial mixing, with age estimates representing an average of unknown distribution of ages, (c) 14C turnover model assumes steady-state single pool that is perfectly mixed with loss by first-order process proportional to pool size.
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Figure S2. sampling montage of pit LeF03 (hydric Inceptisol underlain by marine-bedded volcaniclastics), 990 m.a.s.l. near Pico del Este, Luquillo LTER, Puerto Rico.
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Figure S3. Candidate ages for Δ14C dating compared to LRC ages. The Δ14C approach produces multiple candidate ages due to symmetry and variation of the atmospheric 14C bomb peak. The age closest to RLC is chosen as the harmonized 14C age.
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Figure S4. Candidate 1-pool 14C turnover times (TT) plotted against LRC age for (a) temperate (b) Arctic and (c) tropical soils. Individual soil profiles are distinguished by color, with closed symbols/solid line for harmonized TT (compatible with LRC age) and open symbols/dashed line for alternate TT. 14C turnover models yield two possible TTs due to symmetry of the global bomb curve. Note hourglass distribution of these ages. LRC provides a priori evidence to pick one. This requires "switchover" from younger to older turnover estimate which is most prominently shown for LeF03 in panel c. Note that age and turnover time are not directly comparable, and turnover is expected to be greater than age 28.
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Figure S5. role of root carbon in LRC dating of SOM. (a) conceptual correlation plot of LRC v. 14C SOM ages shows the familiar lag time of carbon in upper most centimeters (1) corresponding to several decades, as well as contributions from legacy carbon in deeper mineral soils corresponding to ages of centuries to millenia (3). Observed data do not show significant contribution of deep root carbon that is differentially aged  from surrounding matrix SOM (2) where 14C might be younger than LRC ages. This suggests that advection of SOM at all depth is fast relative to root inputs, (b) cartoon depicting FRN labelling of fine root carbon in upper organic soil horizons during atmospheric deposition, and injection of deep root carbon at depths below FRN deposition (>10 cm).
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