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Abstract: Soil carbon is newly refined as ~32,000 Gt C (gigatonnes) over ten times previous totals. Soil organic 
carbon (SOC) of ~22,000 Gt C plus plants at ~2,400 Gt C in both above- and below-ground stocks hold >99% of 
Earth’s biomass. Occupying a topographic surface area of 25 Gha with mean depth 21 m, soil has more organic 
carbon than all plants, oceans, fossil fuels, or the atmosphere combined. Soils are both the greatest biotic carbon 
store and the most active CO2 source. Basic inventory is required for proper understanding and utilization of 
Earth’s natural resources, especially with increasing soil degradation and species loss. Values are raised 
considerably, the disparity due to lack of full soil depth survey, neglect of terrain and of other omissions. Herein 
new totals are determined for mineral soils, permafrost, and peats (of all forms and ages), to full depth (easily 
doubling shallow values) and allowing for terrain that is ignored in all terrestrial models (doubling most values 
again), plus SOC in recalcitrant glomalins (~30%) and friable saprock (+26%). Additionally, soil inorganic 
carbon (SIC), aquatic sediments and dissolved fractions are factored in. Soil biota (e.g. fungi, bacteria and 
earthworms) are similarly upgraded. Primary productivity, also upped for terrain, is confirmed at >220 Gt C/yr 
on land supported by C/O isotope fluxes. Priority issues of species extinction, humic topsoil loss, and excess 
atmospheric CO2 are all remedied by SOC restoration and biomass recycling via (vermi-)compost for use in 
100% organic husbandry and adoption of wider practices of Permaculture based upon scientific observation of 
Nature. 

Keywords: Organic C; biogenic carbon; stocks; NPP; circular economy; CO2 drawdown; climate 
 

1. Introduction 

Although this report focused on biomass stocks and losses, the issue of increasing biomass 
energy to replace fossil fuels is also briefly discussed in the context of other limitless energy systems 
such as terrestrial heat pumps, geothermal energy and restoration of compressed-air power from 
falling water in trompe systems or directly from deep subterranean sources. It seems a misguided 
policy or plan to redirect valuable crop residues or other organic sources from composts that need to 
be returned to soils, especially if this is under an argument to address climate issues related to CO2 
increases. With realization that most emissions are from topsoil losses, then the priority should be 
return of carbon directly back to the soils in a circular economy, using appropriate organic farm 
practices. 

Some data presented herein are well established, others are newly unearthed but, as always, it 
is proper and seemly to start revisions at the beginning – from “the ground up”. 

Life on Earth is carbon-based, seemingly emerging in geothermal hot-springs, as in Darwin’s 
prescient “warm little pond” theory of origin, possibly with Montmorillonite clay catalysis evidenced 
by soils forming nearly 4 billion years ago and living entities on land for >3.5 billion years (Ferris and 
Ertem 1998, Follmann and Brownson 2009, Mulkidjanian et al. 2012, Djokic et al. 2017, Retallack and 
Noffke 2018, Dahmer and Deamer 2020). 

Evolving organisms faced extreme challenges of radiation and resources that gradually resolved 
when land plants emerged spurring the Neoproterozoic Oxygenation Event (NOE) releasing 
sufficient oxygen O2 for ozone O3 to form, blocking the harmful radiation and fuelling a bountiful 
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biomass turnover. Atmospheric oxygen O2 increase is stoichiometrically linked to carbon dioxide CO2 
reduction in the classic photosynthesis equation: 

 
Formula from the left is simplified photosynthesis; in reverse from the right is equal but opposite 

respiration/decomposition/incineration consuming the biomass (Figure 1). 

 
Figure 1. Interlinked exchange recycling between endosymbiotic plant Chloroplasts and eukaryote 
Mitochondria in both autotrophic plants, and in heterotrophic fungi and animals. (Source: https://old-
ib.bioninja.com.au/higher-level/topic-8-metabolism-cell/untitled-2/photosynthesis-vs-
respirati.html). Mechanisms of microbial decomposition and burning of biomass have essentially the 
same formula as does respiration with net release of carbon dioxide (CO2) and water (H2O). 

Oxygen accumulated primarily due to land plants to a level of 21% O2 in the air we now breathe, 
it also fuels soil decomposition. The question is: Where did the carbon go? 

The current study reviews and extends supporting evidence that, in the last 550 million years, 
Phanerozoic carbon was mainly sequestered on land; initially in living biomass, accumulating in 
primal soil organic matter (SOM, e.g. humus or Darwin’s “vegetable mould”), or sometimes fixed in 
anoxic sediments forming peats, coals, oils and other fossil fuels, with a concurrent and constant 
recycling on the land surfaces of the vital biomass, then as now.  

How much carbon was fixed? Increasingly our understanding is SOM sequestration was 
substantial, given early carbon dioxide levels so much higher 550 Ma (Figures 2 and 3). 

 

Figure 2. Different models have different CO2 values, but 550 Ma when submerged plants emerged, 
the estimates range (yellow) from about 2,500 ppm to over 18,000 ppm and, as discussed later in 
Results, this implies >5,000–36,000 Gt C active drawdown via living biomass. 
(https://en.wikipedia.org/wiki/File:Phanerozoic_Carbon_Dioxide.png). 
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Figure 3. Drawdown of atmospheric CO2 followed invasion and expansion of land plants releasing 
current levels of O2. Schreiber et al. (2022) extend the theory, having “plant evolution from fresh water 
to salt water and, at least 500 million years ago, to land”. Source: Martin & Allen (2018: Figure 1) who 
stated: “The first land plants buried so much [soil organic] carbon that O2 accumulated in the atmosphere to 
roughly present levels”. Most biomass and organic matter are yet found in soils, especially as most 
recent studies include terrestrial plants that seed or root as being soil-based so included in a soil 
inventory. 

As well as primordial chloroplasts and mitochondria as endosymbionts, early symbioses – as 
formed over 400 million years ago between fungi and cyanobacteria/algae in lichens of land’s biocrust 
– were partnerships between fungi and plants with mycorrhizal-like fungi emerging as early as ~500 
Ma (Martin and van der Heijden 2024). This attests to biotic inter-reliance. 

Related to fungi, particularly arbuscular mycorrhizal (AM) fungi, known previously as 
vesicular-arbuscular mycorrhiza (i.e., VAM), are now reported to consume up to 50% of the 
photosynthates from host plants. Such below-ground factors are often overlooked in biomass budgets 
and productivity model as discovery of the extent of ancient soil fungal syntheses are quite recent. 

Hawkins et al. (2024) and Vlček and Pohanka (2020) show an estimate 10–50% of the carbon 
captured by photosynthesis is transferred underground to the AM fungi with earliest fossil 
symbioses from 250 to 400 million years ago (Rillig et al. 2001). Part of these nutrients are converted 
into glomalin, discovered only in the 1990s (Wright and Upadhyaya 1996), as a fungal hyphae/spore 
derived glycoprotein that is tightly bound to soil particles earning it the epithet of a “super glue”. 
Strictly it is part of a complex of difficult to extract compounds, including bacterial components and 
humic acids, all grouped under the term glomalin-related soil proteins (GRSP), that often contribute 
an extra 4–52% to SOC tallies: on average about a third more (Comis 2002). He et al. (2020) report that 
GRSP may account for 27% of total SOC, but in ancient soil (oxidized soil, >4 million years), GRSP 
was less at about 4–5% of total C, while in a peat soil, purified GRSP accounted for as high as 52% of 
the total SOC. Glomalin, or strictly GRSP, thus ranges between 4–52 %, but the means may converge 
with extra SOC around 25–30% in most mineral soils stocks. These large increases are gradually being 
accounted for in carbon cycles. 

Omission of glomalin-like protein products alone from carbon cycle budgets substantially 
reduces reality and representativeness of models, invalidating many conclusions or policies based 
upon those incomplete reckonings. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 September 2024 doi:10.20944/preprints202409.2383.v1

https://doi.org/10.20944/preprints202409.2383.v1


 4 

 

1.1. Defining Biomass 

The term biomass is the quantity of organic materials present in a habitat or biome. It generally 
refers to living or recently dead organisms, plus any byproducts of those organisms – virus, microbe, 
fungi, plant or animal. In a different though related sense, it is applied to plant matter or animal waste 
used or intended as a source of fuel. In a strict sense, it refers to a single species in a limited habitat 
or, in the broadest view, it encompasses all organism that are living or dormant, dead (sometimes 
labelled necromass), plus their specific products. In addition to plant, fungal or microbial exudates, 
products may include molluscs shells or earthworm calciferous secretions, plus bird eggs, animal 
bones, etc – which are generally (mis)classed as inorganic carbon in soil analyses. Biomass is usually 
expressed as mass for a defined area, or as density per unit area (for soil or land), or per unit volume 
(for aquatics and oceans) but often this is summarized per unit area too, these then are averaged out 
and multiplied by (planimetrically flat areas) for totals. 

Measurements of biomass are obtained by two basic methods, direct sampling (cores or quadrats 
for perpendicularly “flat” surface areas in the field), and via remote sensing (e.g. towers, aircraft or 
satellites). Mean values per unit area are extrapolated for biomes based upon simplistic model 
assumptions. Although planimetrically flat surface areas are appropriate for aquatics, for terrestrial 
values a manifest reality is that terrain must be considered due to undulating topography of land and 
overlying rugosity of soils. Other, often underappreciated, factors are the true depth of soils 
(including friable saprock) and extraction of the recalcitrant glomalin/GRSP fraction in soils, as are 
detailed later. 

Terrestrial values may be doubled for depth for inappropriately shallow samples, and more than 
doubled again for topographical terrain (Blakemore 2018b, 2020, 2023). 

Thus, for example, Rodin et al. (1975) data already showed the Earth’s living organic matter 
(biomass) dominated by autotrophic and photosynthesizing organisms land. Land’s total biomass, 
for both above- and underground parts of plants as dry weight was 2,402 Gt (>99.9%), equivalent to 
1,201 Gt C which, doubled for terrain, is indeed ~2,400 Gt C. Phytomass in the world’s oceans of 0.08 
Gt C is 30,000 times smaller than that on land. 

1.2. Soil Organic Carbon (SOC) as a Key Component 

In addition to phytomass, Soil Organic Carbon (SOC), comprising approximately half of all the 
complex biochemicals in soil organic matter (SOM), is used as a standard measure of soil biomass. 
This is either rapidly recycled or is stored and progressively consumed, decomposed, eroded, burnt, 
thawed or drained; in Nature or via human activities. When considered in its entirety, SOC stock 
often accumulates over varying timescales and is held to depth in several interlinked and 
intergrading SOC storage sub-categories: 
1. Biomass that is actively living and is then mostly recycled within short time periods; 
2. Mineral soils (with <17 % SOC) that store humic carbon when there is insufficient nitrogen or 

other limiting factors for completed digestion by microbes (this inferred from poor agriculture 
that adds excess N rapidly depleting the humic SOM stocks); 

3. Permafrost that is seasonally frozen soil (partly with permafrost peatlands); 
4. Non-permafrost peat that is waterlogged and too oxygen deficient for decay; 
5. Fossil fuels formed from geological-scale, anoxic accumulation of SOM products; 
6. Sediments washed from watersheds, or in Dissolved Organic Carbon (DOC). 

Jackson et al. (2017) demonstrated soils hold the largest biogeochemically active carbon pool on 
Earth, albeit they noted estimates of SOC have ranged by a factor at least six-fold, from 500 to 3,000 
Gt C (and now by at least a factor of ten). Their six-fold SOC increase is interesting as it is less than 
the modest 4–6-fold increase invoked and as criticized in a study by Blakemore (2018b). Similar wide 
errors yet pertain to other biomass estimates and metrics, with ranges differing inordinately, thereby 
attesting to our ignorance of soil basics. 

Blakemore (2023) summarized latest information thus: “Re-evaluation of topographical terrain 
on a non-flat Earth increases most soil dynamic inventories. Carbon credits of our neglected and 
disappearing SOC stocks are enumerated for mineral soils (~4,100 Gt C plus ca. 20–30% glomalin), 
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Permafrost (>4,200 Gt C), peat (1,123 Gt C), plant roots (916 Gt C), litter (600 Gt C), microbes (200 Gt 
C), fungi (30 Gt C), biocrust (10–20 Gt C), earthworms (2.3–3.6 Gt C), termites (0.15 Gt C), nematodes 
(0.06 Gt C), ants (0.024 Gt C), and soil viruses (0.02–4.0 Gt C).” This sums to about >12,000 Gt C or up 
to 15,000 Gt C but these values are refined herein. 

As Blakemore (2023) reported, soil ecological data are so remarkably obscure that values 
presented by different authors may differ by an order or two of magnitude, often subsequently 
revised upwards. For example, the global SOC stocks range reported by Scharlemann et al. (2014) 
was 504–3,000 Gt SOC; now it ranges 1,417–15,000 Gt SOC due to a statement by Hiederer and Kochy 
(2012) that: “the global SOC stock to 100cm soil depth is estimated at 1,417 Pg C” compared to best 
estimates (with terrain) for >10,000–15,000 Gt (Blakemore 2018b, 2020 - 
https://veop.files.wordpress.com/2020/06/veop-4-5.pdf, 2023). Already, without terrain, errors were 
manifest in mineral soil underestimations up to seven times (Harper and Tibbett 2013), Permafrost 
by 200% or three times (Shelef et al. 2017) – these base values since doubled by Blakemore (2018b, 
2020c) – and total Peat SOC is further doubled (Loisel et al. 2021, Nichols and Peteet 2019, 2021). Roots 
are underestimated up to 100% (Robinson 2004), and for litter Brovkin et al. (2011) found: “litter stocks 
based on observations (68–97 Gt C) or models (47–196 Gt C)”. Mainly terrestrial Bacteria have uncertainty, 
as with most other soil biota, up to 10-fold (Bar-On et al. 2018). For Net Primary Productivity (NPP) 
estimates were 2–5 times higher accounting for belowground dynamics (Scurlock et al. 2002), and 
Running et al. (2004) discuss disparities in both satellite and model assumptions with: “range of two 
orders of magnitude in field-measured NPP”. Noting that “Soils provide humans with 98.8% of our food”, 
soil erosion has a rate of loss: “unsustainable at 10–1000 times higher than the rate at which soils form” 
(Kopittke et al. 2019). Winkler et al. (2021b) posited global land use change as × 4 greater than 
previously estimated. Koren et al. (2019) show soil<->air CO2 flux estimates vary from 25–450 Gt C/yr, 
and discrepancy of SOC loss oxidation fraction during erosion were 0–100% (Lal 2006: Table 3.3). 
Preindustrial SOC emissions before 1850 range 48–540 Gt C (e.g. van Oost et al. 2012, Kaplan et al. 
2010: Table 3) while Post-industrial data also vary with conversion from natural ecosystems to SOC-
depleting farmland supposedly releasing 50–200 Gt C to the atmosphere (Lal 2006, 2009, Blakemore 
2023). Many other examples of wide uncertainties are found in such vitally important soil properties 
or rates of change showing a need for urgent review. 

What is the cause of such uncertainty to most basic soil metrics? Despite recent initiatives such 
as GBIF, SoilBON, Global Fungi Database (https://globalfungi.com/) or Earth Microbiome Project 
(https://earthmicrobiome.org/), data deficits in soils is surely due to lack of a dedicated, peak “Soil 
Ecology Institute”, comparable to myriad Marine or Atmospheric Institutes, to compile or coordinate 
basic research/education in both natural and managed soils. This oversight is further highlighted in 
data deficiencies in this study. 

1.3. Biotic and SOC Stock Status Review 

Disparity in an unjustifiable overemphasis of marine compared to soil research is manifest in 
the most recent estimates of living abundance and biomass data (Figure 4). 
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Figure 4. Countering the common misconception that ocean supports most abundance, biodiversity, 
or biomass (and productivity) is this recent summary is from OurWorldinData.org 
(https://ourworldindata.org/grapher/biomass-vs-abundance-taxa). 

Since plants are accepted as being soil-based, soil arguably supports most living biomass in the 
whole of the Biosphere. Biomass of >100 Gt C (>99%) is mostly terrestrial found almost entirely within 
soil or supported by soil; the lesser ~1 Gt C (<1%) biomass is partly marine: viz. Fish, Arthropods 
(marine), and Cnidarians (corals). While for viruses – by far the most numerous of any organism – 
the majority are also from soils (Blakemore 2024). Nematodes are mostly terrestrial, but not 
particularly abundant nor weighty having much lower biomass and influence than Annelids 
(earthworms), barely above meagre whales (with miniscule <0.01 Gt C - 
Fahttps://ourworldindata.org/grapher/global-whale-biomass). 

In global carbon stock context, Biosphere is a relatively minor contributor (Figure 5). 

 
Figure 5. Major global carbon stores prior to current Biosphere and Soil Carbon revisions. Lithosphere 
is the rocky mantle with cacitic or dolomitic rocks such as dolomite, limestone, chalk, or marble. Note 
their SOC + SIC are ~3,000 Gt C whereas the current study concludes ~30,000 Gt C approaching the 
Ocean carbon totals (much eroded or washed off from soil, as much today as prehistorically). (From 
Naorem et al. 2022: Figure 1). (Pg = Gt C). 
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1.4. Global Carbon Stocks and Cycles Review 

Herein the global estimates of biomass in terms of carbon stocks from cyclical turnover and 
processing of atmospheric CO2 (i.e., NPP fixation and its decay), are updated from summaries 
provided of annual carbon cycle sources and sinks on a global level by the Global Carbon Project 
(https://globalcarbonbudget.org/), their most recent being published in December, 2023 (GCB 2023 – 
https://essd.copernicus.org/articles/15/5301/2023/). In addition, comparison is with the IPCC 
Working Group 1 that produces its own periodic Assessment Report, the two most recent being IPCC 
WG1 AR5 (2013) and AR6 (2021 – 
www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter05.pdf). 

Biogenic carbon is stored for varying periods in biomass before re-circulation via three main 
active reservoirs: as gasses in the atmosphere; in solution (or debris) in the ocean; and as both gas or 
liquid but mainly solid matter in soils, summarized in Figure 6. 

 

Figure 6. GCB (2023: Figure 2) with data taken from IPCC (2021) (viz. Canadell et al. 2021). 
Conventional summary of carbon stocks and sources that are reviewed in the current study. Note 
ocean’s dissolved inorganic carbon (DIC) is shown, but neither soil inorganic carbon (SIC + DIC) nor 
enormous inorganic carbon in rocks on land as shown in Figure 5 from Naorem et al. (2022: Figure 1). 

Global carbon stocks from latest GCB (2023) report are: Atmosphere – 885 Gt C; Ocean – 700 Gt 
C as dissolved organic carbon (also ~37,000 Gt in dissolved inorganic carbon being mainly deep, 
inaccessible and inactive); and Soil – 3,100 Gt C (1,400 Gt C in Permafrost plus 1,700 Gt C in “Soils”). 
Terrestrial Vegetation is cited as 450 Gt C and Marine biota 3.0 Gt C (i.e., only 0.5% of total living 
biomass), but this too needs revision. 

Regarding primary productivity, it is notable that the unrepresentatively narrow arrows for land 
flux indicate 130 Gt C/yr in gross primary production drawdown with a matching 130 Gt C/yr in total 
respiration plus decomposition, mainly from soils. As explained later, this implies an NPP rate of 
(130/2 =) ~65 Gt C/yr. The further impression, that the ocean has a similar but lower exchange of 80 
Gt C/yr, is not active photosynthesis nor respiration, rather it is passive Henry law gas exchange (as 
shown by the AR5 and AR6 report figures that follow below).  

Ocean NPP is really quite low e.g. Rodin et al. (1975: Tables 1 and 2) have ocean at (60/2 =) 30 vs. 
land at (172.5/2 =) 86 Gt C/yr or about three times greater. Siegenthaler and Sarmiento (1993: Figure 
1b – www.gfdl.noaa.gov/bibliography/related_files/us9301.pdf) showed marine biological 
production of just 10 Gt C/yr compared to terrestrial NPP of ~50 Gt C/yr converted into “soil and 
detritus”, or five times as much on land (they also clearly show soil decomposition plus deforestation 
releasing more than ten times emissions from fossil fuels). Moreover, tables in Gouldie and Cuff 
(2002: 105, 111) have marine NPP at ~55 and terrestrial or continental NPP double at ~116 Gt C/yr 
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(from”Whittaker and Likens, 1975: Table 5.2”). These land NPP rates, doubled again for terrain (as is 
justified shortly), are (96 × 2 =) 172, (50 × 2 =) 100 Gt C/yr, and (116 × 2 =) ~232 Gt C/yr that is above 
the terrestrial NPP of 218 Gt C/yr in Blakemore (2018b: Table 11). Models that do not address or reflect 
such large deficits will surely fail. 

Some other studies have indeed concluded that terrestrial NPP is undervalued. Welp, Keeling 
et al. (2011) stated: “Our analysis suggests that current estimates of global gross primary production, 
of 120 petagrams of carbon per year, may be too low, and that a best guess of 150–175 petagrams of 
carbon per year better reflects the observed rapid cycling of CO2”, i.e., NPP rate >80 Gt C/yr. Other 
“official” counts have higher NPP too, e.g. IPBES (2018: 245) has “a total global terrestrial NPP of 
around 100 PgC yr-1”. And Liang et al. (2023) now have terrestrial NPP greater than 85–100 Gt C/yr 
(as is remarked on further below). As is also noted later, Sanderman et al. (2010) also inadvertently 
advocate increasing NPP for glomalin. 

Original and latest isotope “best guess” studies using ¹³C/¹²C, 18O/16O or 18OCO, and 17O/ 16O 
support raised GPP/NPP estimates (e.g. Welp, Keeling et al. 2011, van der Velde et al. 2014, Liang et 
al. 2017 and Laskar et al. 2019). With a passive, self-cancelling ocean exchange at ±80–90 Gt C/yr, 
isotopes indicate global carbon exchange scaled up to 772, 779.2 or as high as 897 Gt C/yr. Koren et 
al. (2019: Figures 1 and 4b) model NPP at 114 Gt C/yr and air↔leaf flux of -400–750 Gt C (i.e., ±350 Gt 
C/yr). All these studies support the need to raise land NPP which is easily justified since they all 
ignore terrain in their models. 

An especially significant note in Siegenthaler and Sarmiento (1993, Figure 1a,b) is global carbon 
changes from pre-industrial to 1990s levels with a cumulative land-use effect deficit of -120 Gt C 
divided equally between loss of vegetation and soil carbon, accounting for most atmospheric CO2 
increase from 600 then to 750 Gt C, or +150 Gt C, thus 80% likely due to poor soil management. This 
relates land clearing for crops and pastures, and agrichemicals which are the major cause of soil 
depletion and CO2 accumulation. 

Soils are thus already “officially” demonstrated as the greatest organic carbon stock (>3,000 Gt 
C) and the greatest sink and source of CO2 from respiration + decomposition balancing GPP (~130 Gt 
C/yr GPP according to the GCB and IPCC), an order of magnitude above the fossil fuel emissions 
now around 9.6 Gt C/yr. However, the present study confirms soil SOC stock and terrestrial NPP 
values are inordinately underestimated. Blakemore (2018b: Tables 8 and 11; 2023) has values of 
>8,580–15,000 Gt SOC and ~220 Gt C/yr NPP, both confirmed and further refined herein. 

Data in GCB (2023) report is compared with an earlier IPCC (2021) report (Figure 7). 

 
Figure 7. IPCC (2021: Figure 5.12). Compared to GCB (2023), the total soil (2,900 Gt C) is less by 200 
Gt C (in permafrost) and NPP is a bit higher at (142/2 =) 71 Gt C/yr. The dissolved organic carbon 
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(DOC) in the ocean amounting to about 660–680 Gt C, is spread throughout its depth, and may be 
relatively ancient and non-reactive (Follet et al. 2014). IPCC (2021) say the vertical transfer of DOC 
create a downward flux of organic carbon from the upper ocean known as “export production” of 
roughly 11 Gt C/yr that may better represent Ocean “NPP”, yet again diminishing the marine 
importance. 

As just noted for the IPCC (2021) figure, intimate ocean NPP is better represented at 11 Gt C/yr 
while their NPP on land of ~71 Gt C/yr corresponds to the value implied in Laskar et al. (2019) and in 
Haverd et al. (2020: Figure 2a https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.14950) with 142 Gt 
C/yr terrestrial GPP they say represents a 35% increase since 1900 due mainly to the CO2 greening 
effect. A corresponding rapid increase in atmospheric CO2 estimated in this same period (1900–2020) 
is from 280 ppm to 412 ppm, which is a similar 32% rise. The inability of NPP to accommodate this 
rise is attributable in a large part, and as is argued herein, to the net loss of topsoil and humus erosion 
with other limiting factors reducing the foundation and ability for plants to adapt to and fully utilize 
this otherwise limiting resource. 

Concomitantly, global loss of topsoil biomass emits more carbon per year than do fossil fuels. 
Interestingly, the IPCC AR6 (2021) report accepts that current melting of ancient permafrost adds 
CO2 also depleted in isotopic carbon to the atmosphere just as burning of fossil fuels does when they 
say “thawing soils due to anthropogenic warming are losing carbon from the decomposition of old frozen 
organic matter, as found via carbon 14 (14C) signature of respiration at sites undergoing rapid permafrost 
thaw..”. It is an oversight for IPCC to not also readily accept that the rapid erosion and loss of ancient 
mineral soils, formed over billions of years and similarly depleted in 14C isotopes, contributes to the 
atmosphere too. 

Jackson et al. (2017) noted that additional complication is that ∼300 Pg of the permafrost region 
soil carbon is stored in peatlands, which must not be counted twice when summing separate peatland 
estimates (Jackson et al. 2017, Treat et al. 2024). Permafrost AR6 divided into surface or deep plus 
some non-permafrost soil in the boreal region (of 280–340 Gt C with median value around 300 Gt C), 
possibly alluding to peatlands that are mostly excluded from the IPCC report for some reason, as will 
be discussed further in this study. Yet they do accede that “Peat soils, where thick organic layers build 
up due to saturated and anoxic conditions, represent another possible source of carbon to the atmosphere. Peats 
could dry, and decompose or burn as a result of climate change in both high (Chaudhary et al., 2020) and 
tropical (Cobb et al., 2017) latitudes, and in combination with anthropogenic drainage of peatlands (Warren et 
al., 2017). Peat carbon dynamics are not included in the majority of CMIP6 ESMs.” This is confirmed by 
GCB (2023 supplement - https://essd.copernicus.org/articles/15/5301/2023/essd-15-5301-2023-
supplement.pdf): “Bookkeeping models do not directly capture carbon emissions from the organic layers of 
drained peat soils nor from peat fires. Particularly the latter can create large emissions..”. 

The AR6 summary compares to an earlier AR5 report (IPCC 2013) that, although the ocean 
values are the same, had soil, permafrost and vegetation much higher (Figure 8). 
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Figure 8. IPCC WG1 AR5 (2013: Figure 6.1) with the same ocean values as IPCC WG1 AR6 (2024: 
Figure 5.12) but with all the terrestrial values different, viz. Vegetation 450-650, median 550 vs. 450; 
Soils 1,500-2,400, median 1,950 vs. 1,700; Permafrost ~1,700 vs. 1,200 Gt C. 

Note that the natural gas “reserves” in this IPCC report differ too, ranging 383–1,135 Gt C, mainly 
in methane (CH4) that is also a biomass breakdown product. Schuur et al. (2022) have methane 
emissions from thawing permafrost at around ∼0.5–2 Gt C/yr which is a sizable contribution and 
may itself possibly be doubled to account for terrain factors. Nevertheless, despite its substantial 
importance, natural gas is not considered further in this current carbon study. 

For Ocean carbon Wikipedia – https://en.wikipedia.org/wiki/Oceanic_carbon_cycle claims that 
the total active pool of carbon at the Earth’s surface for durations of less than 10,000 years is roughly 
40,000 gigatons C with about 95% (~38,000 Gt C) stored in the ocean, mostly as dissolved inorganic 
carbon from erosion and not actively related to NPP. Thus, it too is not a major consideration for 
practical and active carbon stocks and cycles. 

The reasons why the ocean inventory includes dissolved organic carbon (DOC at 700 Gt C) and 
dissolved inorganic carbon (DIC at ~38,000 Gt C) but not for soils is unclear as soil inorganic carbon 
(SIC) plus DOC and DIC as well as being substantial are reactive. 

As noted in Blakemore (2024 – https://vermecology.wordpress.com/2024/07/30/soc/), Raza et al. 
(2024) have “Inorganic C as soil carbonate (2255 Pg C down to 2 m depth) and as bicarbonate in 
groundwater (1400 Pg C) together surpass SOC (2400 Pg C) as the largest terrestrial C pool”. An 
update by Huang et al. (2024) claims soil inorganic carbon is slightly higher, but only by about 50 Gt 
C, at 2,305 ± 636 (±1 SD) Gt SIC to 2 m soil depth.  

Arguably these are doubled again, at least for depth if not for terrain, as in Results. 
In addition to inorganic carbon, dissolved organic carbon (DOC) component has a global budget 

estimate of 7.20 Gt in the top 0–30 cm and 12.97 Gt in the 0–100 cm soil profile that will increase as 
permafrost melts further (Guo et al. 2020, Heffernan et al. 2024). For soils >1 m, this total value likely 
more than doubles to >26 Gt DOC and a possible terrain factor doubles this value again to around 52 
Gt DOC. Nevertheless, it is likely that DOC is already included in the SOC results presented, 
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depending upon sampling, treatment and measurement regimes of actual soil samples, so its addition 
is ambiguous. 

1.5. Soil Depth and Sampling Considerations 

Unlike the atmospheric or oceanic inventories that are entire, soil carbon stocks are often 
inexplicably and unrealistically measured in only the top 20–30 cm or perhaps the top metre or so, 
and the Soil Survey soil depth was often to just 1 or 2 m. This is unrepresentative as peats can be 200 
m deep, permafrost 1.6 km, and mineral soils up to 3.1 km with global mean soil depth 13.1 m 
blending into underlying bedrock often with several metres (mean ~8 m?) of friable saprock 
(Shangguan et al. 2017: Table 1, Hicks-Pries et al. 2023, Blakemore 2024 – 
https://vermecology.wordpress.com/2024/02/20/dtb-2/). Pettier et al. (2014) noted that sedimentary 
deposits in lowlands generally exceed the 2 m depth limit of most soil surveys.  

Moreover, soil samples cores are taken perpendicular to the centre of the Earth and values 
extrapolated based upon planimetrically flat land biomes. Whereas actual land is sloping and hilly at 
macro-scale and the soil is bumpy and rugose at micro-scales. 

Factoring in full soil depth and terrain, ups soil carbon stocks and rates considerably. 
Stones are removed or sieved from soil samples and are reported separately, as are visible roots, 

earthworms and other larger biotic inclusion that may or may not be measured. For this reason, 
estimates of both roots and earthworms are provided in this report. 

As a starting point for review, are unrefined soil data in the reports in Table 1. 

Table 1. Summary of terrestrial organic carbon stocks and cycles (in Gt C or Gt C/yr). 

Entity (Gt C) /Citation IPCC 

(2013)* 

Blakemore 

(2018b, 2023) 

(IPCC 

2021)* 

GCB 

(2023)* 

Soil Organic Carbon (SOC) ~1,950 >8,580 1,700 1,700 

Permafrost (SOC) 1,700 (included) 1,200 1,400 

Total soil SUC ~3,650 >8,580–15,000 2,900 3,100 

Vegetation biomass 550 ~2,000* 450 450* 

NPP Gt C/yr 61.5 >220** 71*** 65** 
* Prior reports based upon non-desert, non-ice, flat land surface of ~12 Gha, rather than 24 Gha as per Blakemore 
(2018b), have only been modified slightly in the last decade. Most plant measurements are of above-ground 
parts, almost aways ignoring below-ground roots and exudates that likely double biomass and NPP data, plus 
terrain and soil relief that double values again. **Doubled for soil depth factors, 65 NPP is 130 Gt C/yr; doubled 
again for ignored terrain is 260 Gt C/yr. ***Rodin et al. (1975) NPP was 71 Gt C/yr. 

1.6. Previous SOC Stock Studies 

The “official” SOC stock inTable 1 of IPCC (2021) and GCB (2023) are 2,900 and 3,100 Gt SOC 
that gives a median and a mean total global value of around ~3,000 Gt SOC.  

A comprehensive study by Jackson et al. (2017: Table 2) had the following categories: 
1. Mineral soils (0–2 m deep) – 1,263 Gt SOC; 
2. Permafrost (0–2 m) – 466 Gt SOC; 
3. Peatland (in permafrost region, 0–2 m) – 116 Gt SOC; 
4. Peatland (non-permafrost, 0–2m) – 427 Gt SOC. 
5. Soils, permafrost, and peat (at 2–3 m depth) – 498 Gt SOC allocated thus: 199 for mineral soils, 

207 for permafrost region (with half peat?), ~92 for peatland; 
6. Additional SOC deposits (deeper than 3 m) – 330–550 Gt, median 440 Gt, allocated thus: 300–500 

(median ~400 Gt) in permafrost region (ambiguous about including peat that they limited to 
mean depth of 2.3 m?), ∼30–50 (~40) in tropical peatlands; 

7. Sediments to depth elsewhere e.g., deltas, floodplains, loess deposits – unknown. 
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Although their data are complex, they may be summarized as mineral soils (0–3 m) with (1,263 
+ 199 =) 1,462 Gt SOC; permafrost (0 to >3 m) with (466 + 116 + 207 + ~400 =) 1,189 Gt SOC; and non-
permafrost peat (0–2?) with (427 + 92 + ~ 40 =) 559 Gt SOC. Total soil carbon was thus 3,210 Gt SOC 
to 3 m depth, excluding substantial deep sediments. Comparably, Wang et al. (2022: Table 1) to just 
0–2 m was 1,100 higher at 4,305 Gt SOC. 

For the vast permafrost region alone, Tarnocai et al. (2009) reported deeper sediments with 407 
Gt C in the 3–25 m Yedoma deposits and 241 Gt C in permafrost delta alluvia >3 m to add another 
(407 + 241 =) 648 Gt SOC. This is greater by 248 Gt C than the ~400 Gt C Jackson et al. estimated for 
deeper than 3 m. Added to Jackson et al.’s permafrost total this gives in the permafrost region in total 
to depth about (1,189 + 248 =) 1,437 Gt SOC. 

Furthermore, Jackson et al. (2014) note ∼300 Gt of the permafrost region soil carbon is stored in 
peatlands, so their non-peat permafrost becomes (1,437 - 300 =) 1,137 Gt SOC.  

In effect this also removes about 300 Gt C of peats in permafrost soils in peatlands and some 
tundra region that are claimed by Treat et al. (2023) to total 1,307 Gt SOC to depth; albeit they state 
just 185 ± 66 Gt C of peat is located in permafrost peatlands. 

For total peat, Jackson et al. may have limited depth for northern peatlands to 2.3 m (as per 
Gorham 1991: Table 1), totalling peatlands plus permafrost peat as (559 + 300 =) ~590 Gt C 
approximately agreeing with other peat tallies elsewhere converging at ~600 Gt C.  

Concerning peat and permafrost, Tarnocai et al. (2009) had 1,672 Gt of organic carbon to >3 m 
depth for total permafrost, of which approximately 1,466 Gt was in perennially frozen soils and 
deposits (proper permafrost), suggesting the remaining 206 Gt C is in permafrost peat alone, albeit 
Jackson et al. had 300 Gt permafrost peat, or about 100 Gt more. The 1,672 Gt C in Tarnocai et al. is 
500 Gt higher than Jackson et al. total permafrost >3 m of 1,189 Gt C. Both are lower than recent 
permafrost estimate of 2,000 Gt C in Schuur et al. (2022) that for some reason seems to ignored in 
latest IPCC and GCB reports. 

An important point is that these lower Permafrost totals of 1,672 or 1,189 Gt Gt SOC in the boreal 
region are close to the 1,700 or 1,200 Gt SOC reported in permafrost by IPCC (2014, 2021) thus 
seemingly including boreal peat in permafrost, yet apparently omitting non-permafrost peat as a 
separate entity. This is a major oversight as will be shown by the revision of the extent of global 
peatland carbon stocks. As a crosscheck, the areas of peatlands or bogs in permafrost or in the tropics 
are defined separately in Rodin et al. (1974: Table 3), in their extensive, yet often overlooked, study 
of Earth’s total phytomass and NPP. 

Nevertheless, in summary, Jackson et al. (2017) total SOC pool to 3 m is 2,800 Gt C, plus >3 m 
adds >500 Gt, to total >3,300 Gt SOC (possibly extra 500 Gt for permafrost SOC).  

As all their data are based upon planimetrically flat biome areas, when properly doubled for 
terrain and topography (except for waterlogged peats and deltas), the total approximates as ((3,300 - 
675) × 2 + 675 =) ~6,000 Gt SOC. Doubled again to allow for subsequent calculations to deeper mean 
depths for soil, permafrost and peat (noted later) this is 12,000 Gt SOC, plus a reasonable third for 
glomalin (as explained later), is closer to 15,000 Gt SOC. Wang et al. (2022: Table 1) of 4,305 Gt SOC, 
if treated similarly, is higher yet.  

Upper values of 12,000–15,000 total global SOC were already demonstrated in Blakemore 2018, 
2020c, 2023: Table 5), but these publications are mostly overlooked in reviews. 

1.7. Comparison of Current Total SOC Estimates and Erosion Losses and “Best Guess” Total 

An “official” GCB (2018 or Le Quere et al. 2018: Figure 2) had 1,700 Gt C in “Permafrost” and 
1,500–2,400 Gt C in “Soils” to total between 3,200-4,100 Gt SOC, the same as IPCC (2021) but about 
half that in Blakemore (2018). However, GCG (2023) from IPCC (2021) data had just 1,700 + (1,200 or 
1,400, respectively) to give a mean total ~3,000 Gt C. This is at odds with a contemporary summary 
of other accepted, “official” values by Wang et al. (2022: Table 1) with 4,305.5 Gt SOC to just 2 m 
depth from latest estimates of WISE and SoilGrids data sets. These may be multiplied for depth and 
terrain with other additions and this study attempts such soil revaluation refinements in the Results 
sections.  
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Their 3,000 Gt total SOC stock doubled for terrain is ~6,000 Gt C as per Blakemore (2018) but is 
not fixed as it is subjected to constant, and increasing, net erosion. Lal (2020) said: “The global 
magnitude of SOC erosion may be 1.3 Pg C/yr. by water and 1.0 Pg C/yr. by wind erosion..” (total 2.3 Gt 
SOC/yr that, likely doubled for terrain, is possibly over 4.6 Gt C/yr, approximately the same as annual 
Fossil Fuel emissions). Nevertheless, GCB (2023) admits their budget “is incomplete and uncertain 
because SOC erosion is not accounted for.” 

Most simplistically, as a “Fermi Estimation” that will be reviewed in more detail in this study, 
from “official” baseline SOC estimates to a couple of metres depth of ~3,000 Gt SOC, adding a third 
glomalin/GRSP is ~4,000 Gt, saprock adds 25% for ~5,000 Gt; doubled for depth and then again for 
terrain gives a mean best-guess value of about 20,000 Gt SOC. 

1.8. Comparison of Current Total Biota Estimates and Extinction Losses 

For Vegetation, rather than 450 Gt C as reported by AR6 (IPCC 2021) and GCB (2023) the AR5 
(IPCC 2013) median was 550 Gt C that almost corresponds to Scharlemann et al. (2014) and Crowther 
et al. (2019: Figure 2A) that are both explicit that this is for “aboveground” vegetation at 500–560 Gt C 
which, as pointed out by Blakemore (2019 – Science eLetters Dec. 2, 2019 RE: Soil Carbon and 
Biomass: Flat Out Wrong?). When properly doubled for terrain this is >1,100 Gt C. In addition, 
belowground plant roots are also substantial, almost equivalent to aboveground plant biomass also 
at around 916 Gt C (as justified in Blakemore 2018b, or - 
https://vermecology.wordpress.com/2023/08/31/not-unreasonable-new-global-biotic-total/ and 
https://vermecology.wordpress.com/2023/11/06/up-2-c/). This gives about 2,000 Gt C in our global 
plant standing stock, mainly on land which almost agrees with the earlier full-depth value modified 
from Rodin et al. (1975) data of 2,400 Gt C that is the most properly justified. Comparably, all these 
reports show Oceans combined biota amounts at most to only 3 Gt C biomass (0.15% of total and 
much less than this when soil biota and terrestrial animals are fully corrected and included for land). 

Correct and thorough inventories of global biomass abundance and biodiversity are important 
for understanding basics of important ecological and hence economic realities of production and 
consumption, but also to track changes or threat of extinction events. 

Five of these major global extinction events have occurred, prior to our current situation of mass 
biotic loss, this time mainly from the soil due to bad agriculture, excessive meat consumption, and 
soil acidification from fertilizer overuse, plus general poisoning of our soils, and hence food, and 
secondarily of air and water, with toxic agrichemicals and other pollutants. Soil erosion and loss of 
soil organic matter is a global issue of concern as is soil acidification – also mostly from agrichemical 
excess – as a major, albeit mostly ignored, problem (Raza et al. 2021, Zamanian et al. 2021, Blakemore 
2022 - https://vermecology.wordpress.com/2022/02/24/sock). Acidic mineral soils support less SOC 
and biota. 

That there is an extinction crisis and loss of life (and thus also biomass) may be realized in the 
Living Planet Index showing a -69% decline in populations of certain species since 1970 
(https://ourworldindata.org/grapher/global-living-planet-index). Albeit species loss mostly applies 
to soil organisms being subject to most intense threats or pressures, they are also most ignored, 
especially plants, invertebrates and microbes (Blakemore 2018a). Issues of biomass and biodiversity 
loss will be discussed, with proposals on how to reverse and restore these, mainly via restoration of 
100% organic husbandry, under the principals and practices of Permaculture (Mollison 1988) and a 
circular economy.  

1.9. Mystique of Historical Marine vs. Land NPP Speculations 

For the overestimated ocean NPP values noted above, seemingly all ocean estimates (e.g., IPCC, 
ESSD, etc.) track back to Revelle and Suess (1957: Table 2) based “in part after HUTCHINSON (1954)” 
that was “too uncertain to allow any definite conclusions”. Hutchinson (1954: 380) had NPP on land just 
20 ± 5 Gt C/yr saying these figures were too low as they failed to account for tropical rainforests(!). 
Ocean NPP claimed six time greater at 126 ± 82 Gt C/yr he said was likely “an order of magnitude too 
high” or, as Neilsen (1952) said, “incredible” and the latter author found ocean indeed just ~15 Gt C/yr. 
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These mystical, widely speculative NPP figures (126 or 155 vs. 20 Gt C/yr ocean vs. land) appear to 
originate from Riley (1944: 134) tracking back to as early as Shroeder (1919). 

Field et al. (1998), as an oft quoted source, had similar NPP contributions from terrestrial [56.4 
Gt C/yr (53.8%)] and oceanic [48.5 Gt C/yr (46.2%)] components, with ocean productivity nearly 
halved in estimates made before 1970s satellite data. Their average NPP on land was 426 g C/m2/yr, 
whereas ocean almost a quarter of this at 140 g C/m2/yr. Land calculations for their flat surface, 
properly doubled for terrain, amount to ~113 Gt C/yr. Alternatively, since NPP is now shown to be 
around 220 Gt C/yr then a four-fold increase is warranted. These authors also cogently note: “Because 
of the rapid turnover of oceanic plant biomass, even large increases in ocean NPP will not result in substantial 
carbon storage”. 

Moreover, in a comprehensive study, Rodin et al. (1975: Table 1) refined Ocean NPP to 30 Gt 
C/yr and Continental NPP to 86 Gt C/yr (which when doubled is 162 Gt C/yr). Woodwell et al. (1978: 
Table 1) had marine NPP as 24.8 Gt C/yr and land just 52.8 Gt C/yr, whereas Siegenthaler & Sarmiento 
(1993) gave new marine biological production of 10 Gt C/yr compared to terrestrial NPP of 50 Gt 
C/yr, or five times greater. 

Land NPP is now much higher as the current report demonstrates, due mainly to new data for 
soil respiration plus the terrain facto, at ~220 Gt C/yr. Compared to this, there is little evidence for 
ocean NPP much above 10–30 Gt C/yr supporting its total biomass of only around ~3 Gt C, nor of any 
direct interaction between the atmosphere and marine photosynthesis gas exchange. As Duursma & 
Boisson (1994: 124, 134–5) for oceans state: “The turnover time of water masses, which transport CO2 into 
the deep sea in polar regions, where the CO2 is released at lower latitudes, is of the order of a thousand years 
(650 year in the Atlantic to 2000 in the Pacific)… Increased atmospheric CO2 will only slightly affect the CO2 
level in the oceans, since the latter contain 55 times more CO2 than the atmosphere. Thus there will be no 
feedback based on increased atmospheric CO2, or at most very little)... The average annual primary production 
of the world oceans of 30 gigatons carbon”.  

Reports of lower ocean NPP of just 15–25 Gt DOC/yr and an Oceanic DOC pool of only 0.2 Gt C, 
however, Hansell and Carlson (2015) citing 660 Gt DOC in the Ocean say: “With this fast turnover, the 
pool’s contribution to carbon sequestration is inconsequential.” Moreover, sea<->air gas exchanges are 
passive and instantaneous as governed by Henry’s Law. Hence, Ocean’s overstated importance to 
global CO2 or O2 cycles are in truth relatively minor and highly speculative. As Koren et al. (2019) 
explain: “the gross ocean fluxes largely cancel out” (just around net ∼±3 Gt C/yr globally). Hence much 
promoted “Blue Carbon” ocean climate proposals are similarly unrealistic and impractical or 
speculative solutions without any grounding, as is noted by Johannessen and Christian (2023). 

1.10. Turnover Time (τ) for Atmospheric Carbon Support Higher Land NPP 

Further support for higher terrestrial NPP also come from isotopic studies of the atmosphere 
and the turnover time to recycle all atmospheric CO2 carbon of 890 Gt C. Most recently, Liang et al. 
(2023) have admitted wide underestimation with their latest “best estimate” of terrestrial GPP of ~ 170–
200 Gt C/yr (= NPP on land of 85–100 Gt C/yr and median ~93 Gt C/yr!) plus their turnover time for 
atmospheric CO2 was just (890 Gt C/560 Gt C/yr NPP=) 1.5 years. Despite ignoring terrain, their table 
2 shows that Hoffman et al. (2004) had already calculated land GPP (200 Gt C/yr) as more than twice 
ocean GPP (91 Gt C/yr) or NPP 100 vs. 46 Gt C/yr.  

Their ocean component claimed as 90–120 Gt C/yr GPP (or 45–120 Gt C/yr NPP) is likely 
overestimated since, as noted above in detail, there is little evidence for ocean NPP much above 10–
30 Gt C/yr. Thus, their ocean NPP estimates maybe overblown by 35–90 Gt C/yr which, when 
logically carried over to land, ups the land NPP ranges to 120–190 Gt C/yr approaching the 218 Gt 
C/yr land NPP from Blakemore (2018).  

That the land is the major influence is confirmed by their turnover times being 1.2 yr vs. 1.8 yr 
in the North vs. the South; or 50% more rapid where there is most land, viz. the South having 50% 
less land than the North. 

Earlier, Welp, Keeling et al. (2011) said: “Our analysis suggests that current estimates of global gross 
primary production, of 120 petagrams [Gt] of carbon per year, may be too low, and that a best guess of 150–
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175 petagrams of carbon per year better reflects the observed rapid cycling of CO2”, i.e., giving approximate 
NPP, PR, and SR rates of >80 Gt C/yr with fossil fuel (FF) contribution only ~11%. Other “official” 
counts are also of higher NPP, e.g. IPBES (2018: 245) has “a total global terrestrial NPP of around 100 
PgC yr-1” trending towards an estimate, with terrain, of 218 Gt C/yr (Blakemore 2018b), that reduces 
fossil fuel emission to 4–5%.  

Using C and O isotopes, Welp, Keeling et al. (2011), Liang et al. (2017), Laskar et al. (2019), and 
now Liang et al. (2023), give CO2 carbon turnover times of 0.9–2.8 yrs (median ~1.8 yrs), mainly due 
to terrestrial activity. Compared to Liang et al. (2023), the earlier figures by Welp, Keeling et al. (2011) 
estimated 475–897 Gt C/yr and atmospheric C turnover time of 0.9–1.7 yrs (mean 1.3 yrs). With just 
±80 Gt C/yr passive exchange from oceans, then presumably 395–817 Gt C/yr (mean ~600) is on land 
and all 875 Gt C CO2 processed in ~1.5 yrs. As they say: “plausibly, the fast response can be accounted for 
by revising global GPP upwards.”  

Indeed, these studies confirm the trend to up GPP as in Blakemore (2020c, 2023). Concomitant 
with an increase in realistic NPP is upping of global terrestrial biomass stocks, SOC, and other carbon 
rates, as are refined in revisions below. 

2. Methods 

Land measurements are often at large scale, often hectares or, at most refined, perhaps at m2. As 
justification for terrain measurements at progressively finer scales, it is noted that many biological 
processes act at the cellular or microbial level, and solar irradiance is measured in the langley (1 gram-
calorie/cm2), a sun (100 mW/cm2), or in kcal/cm2 corresponding to individual photosynthetic leaf 
surface areas that are also on average at the cm scale. Soil aggregate particles are at the micro scale 
and soil microbial assays also. 

Reasonable assumptions for most biotic samples are that moisture content is about half (i.e., 50% 
for dry weight but often hydration is much higher), for dry samples a carbon content is about half 
again. For soil organic matter (SOM), this follows the Van Bemmelen factor modified by Pribyl (2010) 
based on the determination that organic matter in most cases is ~50% carbon. Biomass carbon 
Whitman et al. (1998) took as half average soil prokaryotic dry cell weight. This is tolerable as Bratbak 
and Dundas (1984: Table 1) showed bacterial dry weight was about half the cell weight, and C content 
about half again. 

Net primary productivity (NPP) on land – sometimes called biomass productivity – is about half 
gross productivity (GPP) to allow for respiration both from plants (PR) and 
respiration/decomposition from soils (SR). Expressed in terms of carbon amassed or exhaled per year 
(Gt C/yr), the formulas, when Nature is in balance, are: 

NPP = GPP – PR; NPP ≈ SR and SR ≈ PR; thus NPP ≈ GPP - (PR + SR) 
Rather than Pg C as in some other sources, the current report standardizes carbon in gigatonnes 

(109 tonnes) which is expressed as Gt C or Gt C/yr, as per GCB (2023).  
A conversion factor of 2.12 Gt C per ppm atmospheric CO2 complies with IPCC (2021: Figure 6-

1) after Prather et al. (2012). Thus the 420 ppm today in 2024, is about 890 Gt C total. 

3. Results and Discussion 

This report aims to refine, update, and correct omissions in data in Blakemore (2018b, 2023) as 
summarized in the Introduction and as shown graphically here (Figure 9). 
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Figure 9. Organic Carbon cycle modified from Houghton (2007: Figure 1) after Blakemore (2020 - 
https://vermecology.wordpress.com/2020/01/16/solum-solace/). 

3.1. Soil Respiration Upgraded 

Soil/litter respiration/decomposition (SR) is through root (autotrophic ~50%) and microbial 
(heterotrophic ~50%) respiration calculated by Nissan et al. (2023) at ~110 Gt CO2 C/yr they said is 
about ten times the fossil fuel emission. This is the same as 111 Gt C/yr that Koren et al. (2019: Figure 
1) modelled for total soil respiration. More recent range of values have been 68–101 Gt C/yr 
(Hashimoto et al. 2023), or 78–108 Gt C/yr (Huang et al. 2020), these latter authors found the total SR 
at around 107 Gt C/yr. Reasonably doubled for neglected terrain, SR is then in the bounds of 220 Gt 
C/yr, with possibly 50:50 from root respiration vs. microbial decomposition. This is more than twenty 
times the release of CO2 carbon from burning of fossil fuels at around ~10 Gt C/yr. Also, as NPP ≈ SR, 
then NPP is presumably also supported at around~220 Gt C/yr. 

Total Soil Respiration of ~100–220 Gt C/yr implies similar ~100–220 Gt C/yr Plant Respiration 
(PR) to total ~200–440 Gt C/yr balancing GPP in formula NPP = GPP – (PR + SR). The mostly natural 
soil respiration/decomposition (SR) rate of 220 Gt C/yr, as noted, is >20 × fossil fuel emissions of 9.4 
Gt C/yr, matched by 9.2 Gt C/yr SOC loss (median of ~9 Gt SOC/yr in Blakemore (2023: Table 4) 
largely from (bad) farming methods, plus 3.2 from Vegetation = ~12.4 Gt C/yr. Adding Fire (4–8 Gt 
C) to LUC (~12.4 Gt C) gives net Land emissions of ~16–20 Gt C/yr, about twice that released from 
burning fossil fuels. 

3.2. Biomass Refinements (Carbon Budget Increases in Vegetation, Litter and in Soils) 

Biomass stocks or turnover rates are verified from on-the-ground sample measurements, but 
insight into the origin might also be derived from estimates of geological inventory of atmospheric 
carbon and oxygen levels in the primal atmosphere. Plausibility of higher land carbon stocks 
determinations are calibrated based upon carbon drawdown. 

Is higher soil carbon plausibly justifiable? As noted in the Introduction, early atmospheric levels 
changed due to carbon drawdown of the Neoproterozoic Oxygenation Event. Published studies 
update error values, with a range of 1,500–20,000 ppm and a median value of ~8,000 ppm CO2 around 
550 million years ago (Ma), when fungi and other microbes were likely abundant, but land plants 
barely established a toehold (Figure 10A).  
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Figure 10. Atmospheric CO2 (log scale) and O2 (linear) correlations modelled through time with black 
lines medians and confidence intervals shaded. Fluctuations from climatic events and previous mass 
extinctions reduce global biomass stocks, re-releasing CO2. (Royer et al. 2014: Figure 2). 

Torsvik et al. (2024: Figures 1–13) had higher median CO2 of 8,000–10,000 ppm, 550 Ma. 
At current CO2 values near 420 ppm the difference from a median range 8,000–10,000 ppm 

converted to mass (× 2.12), implies 16,000–20,000 Gt C removed in toto. This would be a likely 
minimum value as CO2 has been constantly added during the last 500 million years from volcanic 
and other processes that would have also been drawn down by land plants. IPCC (2013: Figure 6.1) 
show volcanic emissions of 0.1 Gt C/yr (or strictly 0.02 to 0.05 Gt C/yr due to vulcanism) that, if 
constantly multiplied through millennia, would amass an enormous amount of excess carbon, albeit 
this is more than offset by “rock weathering” with a 0.4 Gt C/yr flux of dissolved inorganic carbon 
(DIC) derived from the weathering of CaCO3, which takes up CO2 from the atmosphere in a 1:1 ratio. 
Both these fluxes are themselves possibly cancelled out by net loss from soils to rivers of 1.7 Gt C/yr, 
and then from rivers to sea of ~0.8 Gt C/yr of which estimated as about half organic and half inorganic 
carbon. Therefore, net ~20,000 Gt SOC fixation since 550 Ma ago is likely a most modest receptacle 
evaluation. 

A simple stoichiometric cross-check is O2 level in Figure 10B. After the ocean and rock sinks 
were saturated, this gas began to fluctuate with net accumulation in the atmosphere. From 550 Ma 
starting values shown about 18% and current level are about 21% This is a 3% increase or, 
proportionately, +16%. Since the mass of atmospheric oxygen today is about 1.1 million Gt this 16% 
would equate to about 150,000 Gt O2 added following the photosynthetic removal of the carbon atoms 
from CO2. Since carbon is about 0.27 of total CO2, then the presumed corresponding drawdown of 
carbon would roughly equate to (150,000 × 0.27 =) 40,500Gt C. 

This implies a likely range of carbon sequestered from the CO2 and O2 inventories of between 
16,000–40,500 Gt C, giving a median drawdown value around 30,000 Gt C in toto. 

Given that total fossil fuel stocks (coal, oil, gas) are estimated at 5,000–10,000 Gt C (Haughton 
2007 and from https://earthobservatory.nasa.gov/features/CarbonCycle) the balance is about 18,000–
23,000 Gt C and this is arguably stored in ancient soils, peat, permafrost and also in current biomass 
stocks, mainly on land, plus carbon sediments variously eroded from soils on land as now found in 
freshwater (or as net loss to the ocean). 

This lower value of 18,000 Gt C nearly corresponds to land SOC (16,016) and sediment SeOC 
(2,460) (from https://vermecology.wordpress.com/2023/11/06/up-2-c/) that total about 18,500 Gt C 
supporting these revised estimates as being reasonably justified. 
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Compounding factors are a standing stock of global biota of about 2,400 Gt C in above-ground 
(mainly in plants) and below-ground roots plus >200–400 Gt C in soil biota (as in 
https://vermecology.wordpress.com/2023/11/06/up-2-c/). This gives about 2,700 Gt C in a living 
global biotic standing stock, mainly on land compared to 3 Gt C of ocean biota that itself was doubled 
from previous estimates due to revision by Bar-On et al. (2018) to 6 Gt C, yet still just 0.1-0.2% of total 
global standing stock biomass. 

3.3. GPP and NPP Consideration 

Global Gross Primary Productivity is mainly on land at around 440 Gt C/year which, less plant 
respiration, gives about 220 Gt C/yr Net Primary Productivity (with only around 20 Gt C/yr in Ocean, 
or just ~8%) after Blakemore (2018, 2023). This also implies that ~890 Gt C currently in atmospheric 
CO2 is recycled in (890/440 =) ~2-year cycles on land via land-plant photosynthesis fixation and soil 
respiration/decomposition by the soil biota. 

Outcomes, for the total fixed 28,250 SOC stock, are being either stored, eroded to ocean, and/or 
fossilized. As also noted, various past and present extinction events return some stored biomass SOC 
to atmospheric CO2 from decay, as does topsoil erosion today. 

Before soil fulfilled its potential, oxidation saturation of ocean and atmosphere occurred; 
analogous is the current research effort situation needing to be redirected to soils. 

3.4. Correction Factors for Soil Carbon Stocks (Terrain, Depth, Glomalin, Saprock) 

Major refinement of biomass C stocks are for terrain, depth, glomalin and saprock. 
Terrain increases those terrestrial values mostly presented as planimetrically flat biomes 

(Blakemore 2018b). Other considerations are the biomass stored at depth in soil and the effect of soil 
depth on the estimations of NPP or respiration, plus contributions of glomalin and other difficult to 
extract biotic protein products. Almost always overlooked, these are beginning to be factored in, both 
to biomass stock and primary production rates. 

3.5. Soil Depth Considerations 

It is becoming increasingly realized that soils are extraordinarily ancient and deep. Richter and 
Markewitz (1995) questioned: “How Deep Is Soil?” and, on page 601, noted: “The lower boundary of 
soil is difficult to determine precisely, so the Soil Survey Staff (1992) recommended that, for convenience, the 
lower limit of soil be considered to be at a depth of 2 meters.” [My bolding]. Yet most samples are still for 
only 30 cm or at most a metre or so. 

This is manifestly inadequate as Jobbágy and Jackson (2000) estimated 56% more SOC storage 
in the top 3 m of soil than in just the first meter. Rolando et al. (2021), in soils up to 5 m deep, found 
that the layers below 90 cm accounted for approximately 80%, while the 0–30 cm layer represented 
only 10% of the total SOC stored. As already noted in the Introduction, in Western Australia, Harper 
and Tibbett (2013) had SOC values up to five times greater in soils at depth >1 m down to 35 m. 

Although often assumed or reported that soils are only a metre or two deep, a summary by 
Shangguan et al.11 (2017: Table 1) has: “The mean absolute DTB [Depth to Bedrock] predicted was 33.6 
m” but a Mean and Maximum Absolute DtB was 13.1 m and up to 3.1 km depth in two USA samples 
for mineral soils, not for peats nor permafrost (see Blakemore 2024 - 
https://vermecology.wordpress.com/2024/02/20/dtb-2/ for details). 

For peat/lignite, the deepest known is in Phillipi, Greece, reported to be 190 m and dating largely 
from the Pleistocene (Parish et al. 2008). Permafrosts are known to extend as much as 1.6 km and also 
date to the Pleistocene (often referred as the Ice Age) from 2.5 Ma or the Holocene from about 11, 000 
years ago. Mineral soils are much more ancient, some fossilized in rocks, from over 4 billion years 
old (Rillig et al. 2001) but mostly forming since about 500 million years ago. Thus, soils are shown as 
much older and deeper than commonly believed. 

Although Jackson et al. (2017) had a caveat that their ~3,300 Gt total SOC estimates could be as 
much as 700 Gt C smaller due to a revised depth to bedrock (DtB) by Pelletier et al. (2016), this may 
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be a wide underestimation. Jackson et al. do not give their DtB estimates, but, for China alone mean 
DtB was 42.20 m in a study by Yan et al. (2020), whereas mean values predicted by Pelletier et al.10 
(2016) and Shangguan et al.11 (2017, Figure 10b) were just 11.81 m and 26.64 m, respectively. This 
suggests Pelletier model DtB is about half of Shangguan model, itself about half of the Yan model. 
Thus, Jackson et al.’s figure may truly be doubled (or possibly quadrupled?), for greater depth, to 
>6,600 Gt SOC! 

An interesting but rather confusing study by Scharlemann et al. (2014) had peat in tundra and 
tropics >3 m deep with 1,672 Gt C and 11 m deep with 89 Gt C, respectively. 

However, errors in Scharlemann et al. is their "peat soils" in tundra from Tarnocai et al. (2009), 
when checked, are possibly for permafrost. What Tornocai et al. actually said is: "In total, the northern 
permafrost region contains approximately 1672 Pg of organic carbon". They do attempt to differentiate, 
noting "Histels (perennially frozen peatland soils, Gelisols) and Histosols (unfrozen peatland soils)" with 
Gelisols (from Latin gelare, "to freeze") being soils of very cold climates that contain permafrost 
within two meters of the surface. Nevertheless, the domains of peat and permafrost are somewhat 
intermixed and confused. Furthermore, Page et al. (2011) tropical peat depth of 11 m are only for 
Rwanda; other depths average 4-5 m with a mean ~4.5 m tropical peat depth (as Ribeiro et al. 2021 
noted below). 

An effective depth of peat vs. permafrost peat is discussed further in the Peat section. 
Yost and Hartemink (2020) discovered that soil depth is lacking from about half of the papers 

they surveyed. Moreover, the depth of the soil studied halved in the past 30 years. As they say, for a 
more complete understanding of soil processes, soil properties, and microbial communities, soils 
should be studied to a greater depth.  

Hence extrapolation from superficial results, to account for full depth of the soil profiles, seems 
entirely appropriate and reasonable albeit water tables influence deeper soils. 

Now soils are known to be tens or thousands of metres deep, shallow samples are no longer 
tenable. As with terrain, the mere doubling for soil depth may be a most modest outcome although 
it is routinely practiced herein in the present work, it is quite justified. 

3.6. Glomalin and Glomalin Related Soil Proteins (GRSP)  

A summary paper by Irving et al. (2021) confirmed that glomalin-related soil proteins (GRSPs) 
are thought to represent c. 20% of the soil organic carbon and aid carbon sequestration by stabilising 
soil aggregates. For farmlands, USDA 
(www.ars.usda.gov/ARSUserFiles/30640500/Glomalin/Glomalinbrochure.pdf) say: “Glomalin 
accounts for a large amount (about 15 to 20%) of the organic carbon in undisturbed soils.” As noted in the 
introduction, He et al. (2020) report that GRSP may account for around 27% of total SOC but in 
ancient, oxidized soil (>4 million years old), GRSP was less at about 4% of total C, whereas in a peat 
soil, purified GRSP was as high as 52% of the total SOC. The "Rillig et al. 2000" reference from He et 
al. (2020) appears to be mistaken, but another paper by Schindler et al. (2007) does have 52% glomalin 
in peat, viz.: "GRSP accounted for 25% and 52% of total C in the mineral soils and organic soil [peat], 
respectively." This implies that to account for difficult-to-extract glomalin, measured peat SOC may 
(always?) be doubled. It has been shown that GRSP can contribute about 27% of SOC while soil 
humus may contribute only about 8% of carbon, thus the carbon contribution capacity of GRSP is 2–
24 times that of soil humus (Rillig et al. 2001). The GRSP status of permafrost is uncertain and urgently 
requires more study as its contribution may be substantial. 

Conversely, Sanderman et al. (2010) while admitting that some studies at that time indicated 
glomalin as high as +27% in SOC, claimed 0.7 to 2.4% appear more common for agroecosystems 
which may be partly true for intensive, agrichemical fields which are depleted in both humus and 
soil biota (as in Blakemore 20218a). Their understanding at that time suggested values much above 
2% of SOC were unreasonable based on the NPP they calculated would be needed to support AMF 
hyphal growth (in their Appendix II). In other words, if glomalin was as high as reported they would 
need to change their NPP models. This is not a proper Scientific approach as the data should speak 
for itself, regardless of ideals. Since glomalin is measured up to 30 or 52% of SOC, what they have 
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unwittingly done is support the need for NPP models to be substantially increased, as herein, up to 
220 Gt C/yr. 

Current information is scant and based upon few studies, but confirmation of importance and 
contribution of GRSP to total SOC as outlined in Irving et al. (2021) are found in a study by Zhang et 
al. (2023) showing GRSP (in total?) in cropland and forests making up 24% and 18% of the 20–25 g/kg 
SOC, respectively. They reported that total GRSP accounted for 8.19%–73.70% of SOC in the forest 
soils and 4.33%–86.11% in croplands, while easily extracted GRSP was obviously less, at 1.00%–
10.38% or 1.09%–12.37%, respectively, of SOC totals. This demonstrates that glomalin is a non-trivial 
SOC addition. Their summary figure gives an indication of respective fungal and bacterial 
components (Figure 11). 

 
Figure 11. From Zhang et al. (2023: Figure 8) of SOC with abbreviation of MNC for Microbial 
necromass-C; EE- and T-GRSP for easily extractable and total Glomalin Related Soil Proteins; AMF 
for Arbuscular mycorrhizal fungi; BRC and FRC for Bacterial and Fungal Residual carbon. GRSP 
made up 24% or 18% of 20.4 or 25.1 g/kg SOC stocks, respectively. Of note, outside GRSP, bacterial 
BRC contributes about 15% of total SOC carbon. 

Moreover, Cisse et al. (2023) recently found glomalin particularly important in (fungal 
dominated?) acid soils of coniferous forests which are abundant in the boreal North.  

3.7. Bedrock/Saprock Adds to Soil Depth and Carbon Reserves 

Taking a global mean soil Depth to Bedrock (DtB) ~13 m, a recent study by Hick-Pries et al. (2023 
- see https://vermecology.wordpress.com/2023/11/06/up-2-c/) says friable Saprock may extend soil 
profiles +8 m deeper, possibly giving a new total (13+8 =) 21 m. 

Recent reports by Moreland et al. (2021) and Hicks-Pries et al. (2023) estimated an extra 26–30% 
of carbon stored in weathered bedrock beneath soil these latter authors said “can be up to 8 m, for a 
total soil depth of more than 10 m”. It seems, however, that they were misled by the assumption soil is 
only 2 m deep, rather than 13.1 m deep on average as herein. Moreland et al. (2021) who found “up 
to 30% of OC was stored in saprock (friable weakly weathered bedrock)”. These authors suggest an extra 
200 Gt or more land carbon which may be a minimum, and may be doubled for terrain to at least 400 
Gt SOC. However, if mineral SOC is up to 16,000 Gt, adding 26% for saprock gives an extra ~4,000; 
in other words 400–4,000 Gt SOC is a wide range of saprock values that needs refinement.  

Relevance of saprock for permafrost or peat overlying lignite/coal beds is unknown.  
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3.8. Case Study of SOC Underestimation: Australia Increases × 30 (25 Gt C to >750 Gt C) 

Of especial note, for “Oceania” (i.e., mainly Australia), Shangguan et al. (2017: Table 1) mean 
DtB is 33.36 m just as Harper and Tibbett (2013) found in WA (see Blakemore 2018). Sangmanee et al. 
(2023) also in SW Australia sampled carbon up to 29 m deep. Then a question is: How much carbon 
is in Australian soils? The CSIRO’s Soil Carbon Mapping Project (Rossel et al. 2014) provides national 
scale representation of an average amount of organic carbon of Australian soil at 29.7 t/ha and total 
for the continent at 24.98 Gt SOC, but only in the top 30 cm. Doubled for depth (at least!) then again 
for neglected terrain is 100 Gt SOC stock, plus 25% GRSP and 25% saprock would total ~150 Gt SOC. 
The flaws in the argument by Sanderman et al. (2010) for dismissing glomalin are already explained.  

Although much higher, this is a minimum value if Rolando et al. (2021) are correct that the 0–30 
cm layer represented only 10% of the total SOC, hence the true figure may be >750 Gt SOC! Moreover, 
this is remnant soil as Chan and McCoy (2010) estimated >50% of original SOC stock lost in intensive 
Australian cropping systems; essentially, SOC has been mined. Australian agricultural soil 0.3 m 
deep of 12.7 Gt SOC, doubled for depth then terrain alone is ~52 Gt SOC remaining. If proper organic 
farming restored this back to 100 Gt SOC in agricultural soils, SOC would be stabilized with 
equivalent drawdown of -25 ppm CO2. Further details on re-greening Australia and/or Tasmania are 
in Blakemore (2022 - https://www.preprints.org/manuscript/202212.0258/v2, Blakemore 2023).  

3.9. Total Global Soil SOC Refined 

As noted in the Introduction, estimations for global soils differ widely, due in part to overlap 
between precise biomes definitions, due too to inadequate allowance for full soil depth (now >13 m 
on average), and neither for terrain factors nor errors from analyses. 

Soils occupy about 12 Gha on a conventionally flat landscape of 15 Gha that is not ice-covered 
nor arid desert, now raised up to 24 Gha soil on 32 Gha total (Blakemore 2018). 

Estimates of global SOC generally range around ~3,000 (IPCC or GCB in figures above) or as 
FAO (2022) summarize: "The global SOC stock of ice-free land contains about 1500-2400 Pg C (1 Pg = 
1 Gt) in the top 1 m, 2300 Pg C in the top 3 m, and 3000 Pg C in the soil profiles.” Higher figures by 
Crowther et al. (2019: Figure 2C) have SoilGrid values to 4,595 Gt C (not 1,500 Gt C as stated) and 
Wang et al. (2022: Table 1) had SOC stock 0–2 m depth from latest WISE and SoilGrids data sets of 
2,815–5,796 Gt C with median value of 4,305.5 Gt C.  

Although almost any interim value from the wide range given could be taken as a starting point 
for refinement, a moderate median value is perhaps around 3,600 Gt SOC.  

Doubled for depth and then again for terrain gives 14,400 Gt SOC, plus a third glomalin to total 
more than 19,000 Gt SOC plus +25% saprock sums up to ~23,750 Gt SOC. 

Conversely, since glomalin and saprock are calculated as additions to baseline value, from ~3,600 
Gt SOC, adding a third for glomalin/GRSP is 4,800 Gt, plus +25% for saprock is 6,000 Gt, then 
doubling for both depth and terrain gives approximately 24,000 Gt SOC. 

For proper analysis, total values may to be divided into major soil constituents. In particular, 
SOC stocks are broadly sub-divided between mineral soils, Permafrost, peats, plus soil biota. 
Following is separate treatment for each component to compare outcomes. 

3.9.1. Mineral Soils 

Mineral soils are formed from biotic weathering of parent rocks and are primarily composed of 
inorganic material usually defined as having less than 17% living SOC compared to “Organic soils” 
like peat (not to be confused with the carbon enriched soils as found on organic farms). According to 
the Soil Classification Working Group, organic soil horizons may contain >17% SOC (or >30% of 
SOM) by weight, and these occur in Organic soils, or may be present at the surface of mineral soils. 
All soils are living entities, and a precise definition of a mineral soil is: “A soil consisting predominantly 
of, and having its properties predominantly determined by, mineral matter. It usually contains <20% organic 
matter [i.e., <10% SOC] but may contain an organic surface horizon up to 30 cm thick”. Permafrosts are 
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perhaps entirely (or mostly?) excluded from this definition except where they are discontinuous or 
sporadic intergrades that may overlap with other soil types.  

Mineral soils are the most productive for forest and farmland. Total mineral soil SOC is difficult 
to determine accurately but can be calculated from best current estimates, or deduced from total soil 
SOC less the peat and permafrost components. 

Perhaps a reasonable starting point is Jackson et al. (2017) who explicitly account for mineral 
soils with 1,263 Gt SOC up to two metres depth and 199 Gt SOC in 2–3 m deep soil (with zero below 
this, thus omitting deeper delta, alluvia or loess) to total (1,263 + 199 =) 1,462 Gt SOC. Doubled for 
depth, and again for terrain is 5,848 Gt SOC. Adding 25–30% glomalin/GRSP is ~7,000 Gt SOC plus 
26% saprock C possibly sums to 8,650 Gt SOC total. 

This is the most conservative total as other calculations of basic mineral soil SOC are higher. For 
example, Georgiou et al. (2022: supplementary tables 1 and 2) for global “mineral soil” (excluding 
tundra, peatlands, and deserts) for what they call “topsoil” (<0.3 m) plus “subsoil” (0.3–1.0 m depth 
only!) of (700 + 701 =) had 1,401–1,765 Gt SOC from SoilGrids, with median value about 1,583 Gt SOC. 
This is above the mineral soils Jackson et al. to fully 3 m depth (1,462 Gt SOC) but seems to ignore 
Jackson et al.’s 199 Gt SOC in 2–3 m. 

Surprisingly, Sokol et al. (2022: Figure 1) had higher SOC values (of Mineral Associated OM and 
Particulate OM) to just 1 m depth from various data set range 1,390–2,470 Gt SOC excluding peats, 
but, again, contribution of permafrost to these values is unclear (if at all). 

Jobbágy and Jackson (2000) for all soil types found “Global SOC storage in the top 3 m of soil 
was 2344 Pg C, or 56% more than the 1502 Pg estimated for the first meter (which is similar to the 
total SOC estimates of 1500–1600 Pg made by other researchers). Global totals for the second and 
third meters were 491 and 351 Pg C, and the biomes with the most SOC at 1–3 m depth were tropical 
evergreen forests (158 Pg C) and tropical grasslands/savannas (146 Pg C).” Therefore, it may 
reasonably be assumed that SOC values are more than doubled for depth. There is some ambiguity 
if the forested permafrost is involved in “mineral soils” although tundra, the treeless land with 
underlying permafrost in the Arctic North, is explicitly excluded. 

In summary, mineral soils of ~1,500 Gt SOC, doubled for terrain then full depth (× 4), is ~6,000 
Gt SOC; adding ~25% glomalin/GRSP and ~25% saprock C, totals ~9,000 Gt SOC. 

Conversely, 1,500 Gt plus 30% GRSP and 25% saprock is 2,500 Gt × 4 = 10,000 Gt SOC. 

3.9.2. Permafrost 

Permafrost, occupying 11–15% of land area, is a major soil SOC store and carbon cycle 
contributor. It is both remarkably old (>2.5 million years) and deep – areas with continuous 
permafrost are often >100 meters thick and the deepest in Siberia extends down 1,650 meters 
(https://nsidc.org/learn/parts-cryosphere/frozen-ground-permafrost/science-frozen-ground). It is 
treated in some detail already, also in Blakemore (2023) – “3.2.1 Biotic Boreal Permafrosts Reconsidered 
but Not Reconciled”. It is not intended herein to repeat all information provided there, rather just an 
updated summary. 

Schuur et al. (2022), somewhat ambiguously, separated “waterlogged peatlands” from “organic 
carbon stored deep in permafrost mineral soils” within the northern circumpolar permafrost region they 
said was “tripled to 1,460–1,600 petagrams of carbon” (median 1,530 Gt C) including Yedoma and deeper 
delta deposits. They divided permafrost carbon thus: 
1 Near-surface permafrost soils (0–3 m) – 1,035 Gt SOC; 
2 Yedoma deposits of Siberia and Alaska (>3 m) – 327–466 (median 397 Gt C); 
3 Arctic river deltas (at soil depth >3 and up to 60 m deep) – ~96 Gt C; 
4 Qinghai-Xizang (Tibet) Plateau and northern China (to full depth?) – ~36 Gt C; 
5 Deep deposits outside the Yedoma region (to > 3 m?) – 350–465 (median 408 Gt C); 
6 [Subsea permafrost ∼560 Gt C herein ignored in the current terrestrial C stocks]. 

Strangely only including 1 to 3 categories, rather than median 1,530 Gt C, their new median 
value for permafrost to depth is (1,035 + 397 + ~96 + ~36 + 408 =) ~1,972 Gt SOC. 

A surprising omission is citation of Shelef et al. (2017) who added 2,000 Gt C. 
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In brief, rather than ~1,972 as per Schuur et al. (2022) given above, the “official” IPCC and GCB 
data (Figures and Table in Introduction) show between 1,200–1,700 Gt SOC (median ~1,450 Gt SOC). 
But it was unclear whether or not this included peat. As noted, although Tarnocai et al. (2009) implied 
about 200 Gt C in permafrost peat, Jackson et al. (2017) estimated ∼300 Gt in the boreal region, 
whereas Hugelius et al. (2020) had Northern peatland store of 415 ± 147 Gt C, of which just 185 ± 66 
Gt C is in permafrost-affected peatlands. Thus, a most conservative permafrost value would be about 
(1,450 - 300 =) 1,150 Gt SOC that is about the same as Jackson et al. figure, less peat, to >3 m depth. 
However, Tarnocai et al. (2009) higher permafrost figure to greater depth (3–25 m) of 1,672 Gt, of 
which 1,466 Gt was permafrost (i.e., ~206 Gt peat?). A baseline permafrost mineral soil is ~1,500–2,000 
Gt SOC. 

The baseline estimated in Shelef et al. (2017) was 1,300 Gt SOC for which: “Northern circumpolar 
permafrost soils contain more than a third of the global soil organic carbon pool (SOC).” Their study 
combined topographic models with (full?) soil profile data and topographic analysis to evaluate the 
quantity of permafrost SOC deposits finding an approximate >200% uncertainty that may also pertain 
at a circumpolar scale. For perennially frozen soil in the upper 3 m of circumpolar permafrost terrain, 
from an initial overall estimate of 822 Gt C, their uncertainty was up to >200% (or × 3 times) the prior 
estimates of SOC mass. They said: “SOC mass stored in perennially frozen hill toe deposits alone vary from 
few percents to more than double of current SOC estimates.” They indicate mean values of ∼550 and ∼720 Gt C for the linear and sigmoidal profile geometries, respectively, with a maximal uncertainty 
of >2,000 Gt C they said was similar to estimates of “global SOC mass” in 0–3 m depths amounting to 
2000–3000 Gt SOC. 

Their study somewhat validates the rationale to double soil samples for both depth and terrain. 
Moreover, their distinction between linear and sigmoid models (Shelef et al. 2017: Figure 3f–g) 
endorses the argument for using curved arc lengths rather than straight lines in Blakemore (2018: 
Figure 9). They found volume of ∼530 and ∼790 km3 for the linear and sigmoidal profile geometries 
(difference +49%). Their new mean carbon values were 25 vs. 25 and ∼550 vs. ∼720 Gt C for the linear 
and sigmoidal models (+31–40% different) indicating the importance of realistic and representative 
curves to topographic or terrain models, at all scales (as per Blakemore 2018). 

Notwithstanding general terrain considerations, permafrost SOC has large uncertainties for 
proper depth sampling are perhaps slowly being resolved, thereby increasing SOC totals. Thus, 
rather than multiplying current estimates for both depth and terrain, it is perhaps more circumspect 
to combine almost certain underestimations (mainly for terrain rather than depth). 

Adding to prior boreal Permafrost median value from Schuur et al. (2022) of ~1,972 Gt C to depth 
>3 would then possibly be doubled mainly for terrain, not extra depth, to ~4,000 Gt SOC. 

It is unlikely deep permafrosts would gain much from saprock, but initial indications are of 
glomalin/GRSP achieves at least 25%, thereby possibly adding >1,000 Gt SOC.  

This would be expected since research has shown a directly positive relationship (r=0.62) 
between GRSP and soil organic C content (Lovelock et al., 2004) and since glomalin, as a fungal 
derived product, is likely highest in the boreal peat and permafrost realms as per Hu et al. (2000: 
Tables 1–2, Figure 3a). There is preliminary evidence of glomalin/GRSP in boreal region (Vlček and 
Pohanka 2020, Wang et al. 2021) and frozen permafrost may have relatively undecomposed GRSP 
compared to typical soils. Despite evidence of importance, few reports are on GRSP in permafrost 
(nor peats!), an open arena that may merit greater research effort. 

Thus, in conclusion, a refined evaluation of permafrost mineral soils is >5,000 Gt SOC. 

3.9.2. Peat – Mired in Speculation 

Despite occupying only about 2–4 % of land surface area (now, due to terrain, reduced to 1–2 
%), peatland peat habitat potentially holds the single most abundant organic carbon stock on Earth, 
this without factoring in terrain due to them being waterlogged. 

For peatlands, as was noted in the Introduction, Jackson et al. (2017), assuming a maximum 
depth (or mean depth?) of 2.3 m, summed ~675 Gt SOC. A subsequent Global Peatlands Assessment 
(UN 2022 https://globalpeatlands.org/resource-library/global-peatlands-assessment-state-worlds-
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peatlands-main-report) had a lower global peat total "in the range of 450,000 to 650,000 megatons [Mt] 
(FAO 2020)" (= 450–650 Gt C). This seemingly also ignored the >1,000 Gt C from Nichols and Peteet 
(2019, 2021) and global Peatlands with 1,123 Gt C from Loisel et al. (2021: Tables S4–S5). These latter 
authors stated: "The post-LGM C stocks estimated via expert elicitation (Tables S4 and S5) add up to 808 GtC 
and 315 GtC for high-latitude and tropical peatlands, respectively (based on arithmetic mean values)". 

Strangely, Almesbury et al. (2019) had already arrived at this conclusion stating: "Northern 
peatlands store over 1000 Gt carbon, almost double previous estimates". This is more than double some 
other estimates of Northern peatland at 415 ± 147 Pg C in peat, of which 185 ± 66 Pg C is located in 
permafrost-affected peatlands (Hugelius et al., 2020). 

Since Nicols & Peteet (2019, 2021) increased estimates of total northern peat carbon stocks from 
545 Gt C to between 995–1,055 Gt, if Loisel et al.’s (2021) 315 Gt C of tropical peatland and UN-EP's 
15 Gt C in southern peatlands are added to their northern peat values, the global peat total is 1,325–
1,375 Gt C. This is more than twice an official 600 Gt C and slightly above the more modest 1,123 
figure in Blakemore (2023), but this too is low. 

Often peats are measured to only 30 cm or possibly a meter, with a weighted depth for northern 
peatlands of 2.3 m (Gorham 1991: Table 1). This is likely an underestimate. Hugelis et al. (2020 Table 
1) had all peatland area of just 3.7 million km2 and mean peat depth slightly more at 2.5 m. Yet, 
Nichols & Peteet (2021: Figure 2B,C) show mean depth about 4 m and area up to 5 million km2 (just 
in the north), so possibly doubling of 1,325-1,375 Gt C for extent and depth may comply as being a 
reasonably correct adjustment. 

Moreover, on tropical peat depth and carbon stocks, Verwer and van der Meer (2010) had: "The 
best estimate of average peat thickness was 5.5 m and 7 m for Indonesia and Malaysia respectively" and Page 
et al. (2011) expand on this: "The thickest peat deposits in this assessment are in Africa with best estimates 
of mean peat thickness of 11 m in Rwanda, 8 m in Burundi, 7.5 m in Congo, 5 m in Nigeria and 4 m in both 
Democratic Republic of Congo and Uganda. In Southeast Asia the thickest peat is in Malaysia and Brunei (7 
m) followed by Indonesia (5.5 m). In Central America and the Caribbean, peat is thickest in Panama with a best 
estimate of 6 m, followed by Jamaica (5 m), Cuba (1.8 m) and Trinidad and Tobago (1.3 m). There is no 
information on peat thickness for most other countries in this region and the default best estimate of 0.5 m has 
been applied to them. South American peats seem to be shallower with a mean thickness of 4 m in Venezuela, 2 
m in Brazil and 1.75 m in Peru." Their total tropical peat tally was 88.6 Gt C, as already noted, but 
Dargie (2015) revised tropical peats up to 115.8 Gt C, but this is lower than Ribeiro et al. (2021) with 
tropical peat, to mean depth around 3.5 m of up to 220 Gt C, yet lower than Loisel et al. (2021) with 
315 Gt C in tropical peatlands. Gumbricht et al. (2017) found more tropical peatland in South America 
than in SE Asia, and to greater depths than previously estimated, they "report 350 GtC, more than three 
times current estimates" of 88 Gt C by Page et al. (2011). Ricardo et al. (2022) have: "Tropical peatlands 
play an important role in the global carbon cycle due to their immense storage capacity, preserving between 469 
and 694 Gt C in a relatively small area (90–170 Mha), equivalent to one third of the total global carbon pool" 
but I cannot trace all their sources.  

Omar et al. (2022) expand on SE Asia data but a summary in their report is elusive.  
Scharlemann et al. (2014) clearly stated: "many peat soils in both the tundra and tropics have 

been reported to be, respectively, over 3 m deep containing 1672 Pg C and up to 11 m deep containing 
89 Pg C,  effectively doubling the global SOC stock estimates based on profiles to only 1 m depth. 
Jobbágy and Jackson report that measurements to 3 m depth yielded estimates of SOC stocks 1.5-
times larger than those to 1 m depth”.  Total peat in Scharlemann et al. (2014) is 1,683 Gt SOC, but 
errors regarding their peat depths are remarked on in the Introduction.  

Additionally, Ribeiro et al. (2021) have tropical peat, to mean depth around 3.5 m, of up to 220 
Gt C that although shallower, is twice Scharlemann et al.'s estimated 89 Gt C.  

Therefore, assuming ~2 m peat depth seems unrepresentative so an estimated 1,325–1,375 Gt C, 
doubled for true depth ranges in boreal and tropical peats, is 2,246–2,750 Gt C. 

However, if Nichols & Peteet (2019) value of ~1,030 Gt C in Northern peatlands does allow total 
depth, the additional 315 + 15 = 330 Gt C in other regions, doubled (or quadrupled?) for depth of 2 m 
(or 4 m?) to 660 (or 1,320?), when added, totals >1,690 Gt C (or 2,350 Gt C?), plus ~10-30% glomalin 
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may round up to >2,400 Gt C in peat. But if missed glomalin is truly ~50% then total range is 2,535–
3,525 with a median value ~3,030 Gt SOC. 

Alternatively, Nichols & Peteet (2021: Figure 2) imply, mean boreal peat depth of 4 m rather than 
3 m, then seemingly 25% may be added to this tundra peat to give about 2,230 Gt with 220 Gt in 
tropics and another 15 Gt in the southern peatlands, also doubled for depth to 30 Gt, to now total 
about 2,350 Gt C. If the missed 10-50% glomalin (upper value 1,175 Gt C?) is added a grand total is 
raised again, possibly as high as up to 3,525 Gt SOC. 

Due to being waterlogged, peat does gain from terrain, and a recent report (Blakemore 2023 - 
https://vermecology.wordpress.com/2023/06/14/missed-peat//) summarizes peat carbon issues, 
noting the oft citation of a mere 600 Gt C in peatlands, yet the best guess answer to date from official 
“experts” is 1,325-1,375 Gt C global peat; at least doubled for peat > 1–2 metres (as justified in detail) 
to about 2,700 Gt C plus glomalin (as noted above) that may add 50% (2,700 + 1,350 =) then a new 
grand total is~4,050 Gt C. 

A further consideration in broader view of total carbon is peat-derived fossil lignite. 
Extending the issue and accepting OurWorldinData data ratio of lignite as ~30% of all coal totals, 

then lignite is around 3,000 Gt C which may be added to my global fresh peat estimate above of up 
to 4,500 Gt C. Global peat or peat products then sum as Earth’s largest single organic carbon store 
with total peat/product (4,500 + 3,000=) ~7,500 Gt C. 

Difficulties are that lignite usually measured in fossil fuel inventory, thus is excluded, and 
glomalin likely reduced with depth/age, to restore a reasonable value 4,050 Gt C. 

It was noted in a report from Exeter University around 2021 
(https://web.archive.org/web/20211105134124/http://www.exeter.ac.uk/news/research/title_829842_
en.html) that: "Peatlands are currently excluded from the main Earth System Models used for climate change 
projections – something the researchers say must be urgently addressed”. This is borne out by the current 
report enlarging peat biomass more than tenfold from 600 Gt to over 6,000 Gt with lignite, or a median 
value around for peat alone of 3,500 C. 

In conclusion, peat of all ages or depths is >7,500 Gt C, less lignite is ~4,050 Gt SOC. 

3.9.3. Sediment Organic Carbon (SeOC) Stocks 

Landlocked aquatic or semi-aquatic systems are said to occupy 1–2% of land surface, now 
halved, as, unlike soils, they do not gain from terrain, and neither do their C budgets. 

Herein the intermittently inundated areas, such as floodplains, thaw lakes, or paddy, are not 
included yet the carbon stored in permanent waterways and non-marine sediments is not trivial. 
Lake sediments alone are estimated to contain 820 Gt of organic carbon (SeOC) (Cole et al. 2007: 176, 
Tranvik et al. 2009: 2301). River storage is unknown but is probably at least as large (consider Mekong, 
Amazon, Yangzi, Congo or Indus, e.g. (Williams 2012). From Cole et al. (2007: Table 1) a rough 
estimate based upon carbon efflux rates may be twice the lake storage, or ~1,640 Gt SeOC riverine 
storage. The global total then best guessed around ~2,500 Gt SeOC.  

This is relevant as a partial and rapid remedy for loss of topsoil, also a traditional practice, is to 
dredge waterways and lakes (after determining that levels of toxic metals and other poisons in the 
sediments are within tolerable levels. Like any other biological intervention, it does not need to be 
complete dredging, just a reasonable proportion to allow restoration of as much of the sediment, 
litterfall and dissolved organic matter (DOC) that originates in the topsoil before it is eroded/leached. 
Howard (1935) notes King’s mention of ancient Chinese practice of mixing fresh organic/leguminous 
plants with dredged canal mud silts for fertile composts. 

3.9.4. Litter/Log Stock Biomass 

Estimates of global litter carbon are scarce often, but not always, included in the total SOC. 
However, IPCC (2001: Figure 3.1d) and Houghton et al. (2007: Figure 1) separate soil “litter” at 300 
Gt C and an annual input is supposedly ~60 Gt C/yr in NPP residues. Their 300 Gt C in soil litter (and 
logs?) was possibly derived from Matthews (1997) report of (160 fine + 150 coarse =) 310 Gt “dm = dry 
matter” with “rarely included” belowground litter. This value should properly be halved for carbon to 
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155 Gt C but doubled again for terrain to 310 Gt C. Matthews also noted “including standing and fallen 
dead wood may increase estimates of the fine litter pool by ~40%”. Compare this to Reiners (1973 from 
“Bolin 1970”) that has humus, mulch, etc. “detritus” at ~700 Gt C. Yet, if reasonably assuming 
Houghton’s 300 Gt C value was correct, as adopted herein, the updated total, doubled for terrain, 
remains as ~600 Gt C as per Blakemore (2020a, 2020c: Figure 3). 

Interestingly, Bar-On et al. (2018) estimates based on global field observations of plant litter at 
about ≈80 Gt C. They say the microbe biomass (of bacteria, archaea, fungi and protists) is less than 
1% of total organic carbon mass in litter, meaning microbial biomass in litter would not surpass 1 Gt 
C. However, if, as here, litter is 600 Gt C, its microbe biomass is ~6 Gt C. 

As already noted, forest litter and logs have better estimates as being 73 Gt and 43 Gt, 
respectively, to total 116 Gt C. Often unrecorded are the below-ground dead root stock and root litter 
that may themselves possibly amount to at least half as much as the above-ground stocks, say ~60 Gt 
C. It may be assumed that the remaining 60% of non-forested land surface has a considerable stock 
too, possibly at least as large as the above-and below-ground forest litter, say (73 + 60 =) 133Gt C. The 
forest and non-forest, litter/logs then total (116 + 133 =) ~250 Gt C. In addition, crop residues and 
smaller inputs from animal herbivory and manuring contribute to a total validating the 300 Gt C as 
a reasonable amount. This estimated value is reasonably doubled for terrain, justifying the total 
global litter and log stock of ~600 Gt C. 

3.9.5. Biocrust and Phytomenon – Biomass and Contribution to NPP 

Biomass of biocrust and phytomenon (e.g. soil algae and cyanobacteria), although amounting to 
10–20 Gt C (Blakemore 2023), are often ignored as relatively trivial components of the terrestrial 
biome. Yet their biomass exceeds the ocean’s and NPP also nears ocean NPP. Being surficial, they 
gain little for soil depth, but as they are ubiquitous in arid and frozen lands too, their multiplication 
for neglected terrain, not to mention microtopography, is entirely valid. 

Biomass of cyanobacteria, including much proclaimed Prochlorococcus and Synechococcus, in arid 
land soil crusts alone is estimated to reach 0.054 Gt C and in endolithic communities an additional 
0.014 Gt C to total 0.068 Gt C; comparatively, in lakes just 0.003 Gt C (Garcia-Pichel et al. 2003). As 
arid land makes up just about a third of total land area, this value may be easily doubled, and when 
doubled again for terrain the land cyanobacteria component is 0.27 Gt C on land vs. <0.17 Gt C in all 
the oceans (and 0.003 Gt C in aquatics). Moreover, these authors admit theirs was a conservative 
estimate excluding significant land reservoirs such as polar or subarctic areas and subhumid 
topsoils(!). Microbial biomass in biocrust and phytomeneon on land may far exceed that of all the 
ocean phytoplankton, at 10–30 Gt SOC. 

Utilization of soil algae for fertilizer in the tropics is discussed by Howard and Wad (1931). 
As well as tropical blooms, studies often miss algal blooms of the biocrust on polar or subarctic 

rocks, snow and ice (Underwood 2019) which may contribute to both biomass and productivity. 
Jassey et al. (2022) found an average 5.5 million micro algae inhabit each gram of surface soil. 

They concluded that soil algae added a “so far not considered additional” 3.6 Gt C/yr NPP. This, they 
said, is slightly higher than the value reported for soil cryptogams, including bryophytes and lichens, 
of 0.34–3.3 Gt C/yr. However, Raich et al. (2002: Table 2) included cryptogamic “bare” earth biocrust 
and “Mosses and lichens” respiration (= NPP) as 2.76 and 1.73 Gt C/yr, respectively, to total 4.5 Gt C/yr. 
Moreover, Yuan et al. (2012) have photoautotrophic microbes comprised of bacteria and algae 
sequestration of 0.6 to 4.9 Gt C year-1 based upon a surface area of 14 Gha. If Jassey et al. terrestrial 
soil algal additional of 3.6 Gt C/yr is correct the combined sum is up to ~8.5 Gt C/yr NPP for a flat-
land surface area. 

Doubled for terrain (not yet for microtopography) biocrust is ~17.0 Gt C/yr NPP. 

3.9.6. Dissolved Organic Carbon (DOC) in Soils 

A DOC estimate of ~13 Gt DOC in soils to 1 m depth (Guo et al. 2020, Xu et al. 2021) doubled at 
least for depth and possibly again for terrain would raise this to 52 Gt DOC. Subsequently, Guo et al. 
(2024) estimated annual carbon release from DOC as 27.98 Gt C/yr they say is three times greater than 
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global fossil fuel carbon emissions from IPCC (~9 Gt C/yr). Moreover, Langeveld et al. (2022) has ~2–
5 Gt/yr DOC/DIC processed by water.These will increase as permafrost melts further (Xu et al. 2020, 
Heffernan et al. 2024).  

DOC intergrades with Soil Inorganic and Dissolved Inorganic C: (SIC) and (DIC). 

3.9.7. Soil Inorganic Carbon (SIC) and Dissolved Inorganic Carbon (DIC) 

Earlier studies by Monger et al., (2015) were updated by Raza et al. (2024) who have “Inorganic 
C as soil carbonate (2255 Pg C down to 2 m depth) and as bicarbonate in groundwater (1400 Pg C) 
together surpass SOC (2400 Pg C) as the largest terrestrial C pool”. A recent report by Huang et al. 
(2024) claims soil inorganic carbon is slightly higher at 2,305 ± 636 (±1 SD) Gt SIC to 2 m soil depth. 
Doubled for depth and/or terrain ups values (2,305 + 1,400 =) 3,705 ×2 = 7,410 Gt SIC/DIC. 

It is possible that those portions of SIC and DIC within the water-table are not so obviously 
increased, being at their own levels as is summarized in Figure 12. 

 

Figure 12. Soil carbon to from Raza et al. (2024: Figure 1 - https://ars.els-cdn.com/content/image/1-
s2.0-S0016706124000600-gr1_lrg.jpg). Note the depth (in blue) for DIC starts below 1 m but is only to 
2.5 m whereas global average soil depth is >13 m plus 8 m saprock thus doubling for deeper soil seems 
entirely justified, not so much a terrain factor. 

As already noted, a mean soil depth of >13–21 m is six or eight times deeper than 2.5 m thus 
these values may truly be much higher; moreover, terrain may factor in yet higher. 

Calcite (crystaline CaCO3) that contains about 12% carbon, may be included in soil inorganic 
totals as a minor but valid earthworm exudate mainly from atmospheric CO2. Blakemore (2019 
https://vermecology.wordpress.com/2019/11/11/earthworm-cast-carbon-storage-eccs/ ), estimated 
about 1 Gt C/yr earthworm calcite which is more than all the solid CaCO3 in shells of all marine 
organisms, of just 0.7 Gt C/yr (IPCC 2001: 198). Over the millennia this would be a sizeable 
contribution from earthworms to inorganic carbon in soils and solutions, especially since IPCC WG1 
AR5 (2013: Figure 6.1) show rock-weathering at 0.1–0.3 Gt C/yr. 

In addition to inorganic carbon, the dissolved organic component is ~52 Gt DOC. 
Combined, these estimates for SIC/DIC/DOC add to (>7,410 + 52 =) >7,462 Gt C. 

3.9.8. Summary of Soil Carbon Stocks Refinement 

From a total global baseline of ~24,000 Gt SOC calculated above we may add sediment carbon 
in lakes and rivers (820 + 1,640 = 2,460 Gt SeOC). Then SOC total is (24,000 + 2,460 =) ~26,460 Gt SOC. 
Adding dissolved carbon in soils (SIC/DIC/DOC of approximately 7,462 Gt C as noted above), a 
grand land total is 33,922, or nearly 34,000 Gt C for all forms of soil carbon (approaching the 38,000 
Gt C in ocean stock). 

Disparity of terrestrial soil carbon stocks, ranging from 3,000 as noted in the Introduction, to 
34,000 Gt C indicates the inadequacy of our basic knowledge of soils, their carbon stocks, and natural 
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processes. To provide clarity in terms of a full soil biome inventory requires that living biomass, 
Dissolved Organic Carbon (DOC), and Sediment Organic Carbon (SeOC) and other factors be added 
for full depth and allowing for terrain.  

Additional factors, as well as glomalin and saprock, are amounts of terrestrial biomass lost to 
the oceans each year. Siegenthaler and Sarmiento (1993: Figure 1b) had 0.8 Gt C/yr transported to 
ocean via rivers. Lower values were provided by Hedges et al. (1997) who estimated 0.25 Gt C of 
dissolved (<0.5 μm) organic carbon (DOC) and another 0.15 Gt C of particulate (>0.5 μm) organic 
carbon (POC) from lost from continents each year. Although tree logs and other larger woody 
materials appear substantial, current information indicates they are a minor contributor. An annual 
driftwood export to oceans of 4.7 million m3 equates to 1.41 Mt of carbon or just 0.0014 Gt C/yr (Wohl 
and Iskin 2021), compared to 0.4–0.8 Gt DOC/POC. Moreover, Lal (2006: Figure 3.2, Tables 3.4–3.5) 
showed 0.4–0.6 Gt C/yr (or about 10% of total soil erosion) flowing to the ocean via rivers which may 
be doubled for terrain (depending on data source or to allow for coastal erosion)) to over 1 Gt C/yr. 
Conversely, IPCC (2013: Figure 6.1) and IPCC (2021) already have 0.8–0.9 Gt C/yr, export of carbon 
to oceans that, depending upon source of data and calculations, may truly represent a substantial 
contribution to the ocean as well as a large value lost from land NPP and soil erosion. 

3.10. Total Living Biomass 

As noted in the introduction, for vegetation an above-ground component was estimated as 
>1,100 Gt C; in addition, belowground plant roots at around 916 Gt C gave about 2,016 Gt C in the 
global plant standing stock. However, extrapolation of an earlier full-depth value from Rodin et al. 
(1975) data of 1,200 Gt plant carbon to depth, when doubled, totalled 2,400 Gt C. 

Thus vegetation, has 1,100 Gt C standing, 916 Gt C in roots, combined as 2,400 Gt C. 
Adding other terrestrial biotic components from the current study, plus a minor marine 

contribution, gives a total living biomass of ~3,000 Gt C, mostly on land in soil biota. This is not 
preposterous as global living biomass estimate was 4,000 Gt C ( 
https://web.archive.org/web/20151224194748/http:/www.agci.org/classroom/biosphere/index.php). 

Comparatively, Bar-On et al. (2018) claimed above-ground biomass of only (≈320 Gt C) 
represents ≈60% of global biomass, with belowground biomass composed mainly of plant roots (≈130 
Gt C) and microbes residing in the soil. For plant biomass they included ≈70% stems and tree trunks, 
which are mostly woody, and relatively metabolically inert. 

Although fungi, as with other microbes, are often include in the soil SOC calculations, 
earthworms, as with roots, are usually deliberately removed or sieved out and excluded.  

All three values – for Bacteria, fungi and earthworms – are revised below. 

3.10.1. Forest Biomass as Part of Total Global Vegetation 

Forests occupy about a third of total land area but support 80% of above-ground biomass and 
40% of soil organic carbon bio-/necro-mass (Hoover and Riddle 2020). Tropical forests, in particular, 
constitute 12.2% of the Earth's land area, have high NPP, and their soils, long thought to be SOM 
deficient, are now known with high SOC content of 692 Gt C to 3 m (Paul 2016). Doubled for terrain 
this component alone is about 1,284 Gt SOC. 

Relevant to an earlier wood/log question, Pan et al. (2011) estimated carbon stocks in the world’s 
forests as 861 Gt C, with 383 Gt C (44%) in soil (to 1 m depth), 363 Gt C (42%) in live biomass (above 
and below ground, although their root components may be underestimated), 73 Gt C (8%) in 
deadwood (e.g. logs and sticks), and 43 Gt C (5%) in superficial litter (these last two “litter” categories 
adding up to about 116 Gt C just for forests). The soil component may be doubled for depth, then all 
values doubled again for terrain to give a total forest inventory of ~2,250 Gt C. These authors 
provided estimates of regional production in various components albeit many forests are being clear-
felled or burned.  

Hoover and Riddle (2020: figs. 2, 3) show carbon allocation in boreal forests in USA compared 
to the global differences in tropical, temperate and boreal forests where below-ground allocations 
differ markedly. The importance of the often neglected below-ground allocation of NPP is shown by 
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Davidson et al. (2002) summarizing that, on average, soil respiration is three times aboveground 
litterfall-C, which further implies that total below ground carbon allocation (to roots, exudates, etc.) 
is roughly twice annual aboveground litterfall-C (often erroneously equated to global NPP). A recent 
study by Hawkins et al. (2023) found up to 50% of plant NPP was allocated to soil fungi (as is 
discussed below). 

Indeed, Davidson et al. (2002) said allocation of carbon to belowground plant structures often 
equals or exceeds aboveground litterfall and aboveground respiration in forest ecosystems, making 
soil the single most important fate for gross primary productivity. Despite its importance, total forest 
carbon allocation remains poorly understood because of difficulties quantifying root and mycorrhizal 
processes by any single method. Nevertheless, they described soil as the single largest biochemically 
active carbon flux in forest ecosystems aside from canopy assimilation, and thus likely the largest 
carbon exchange system in the whole biosphere. 

Forest biomass above- and below-ground of 363 Gt C × 2 for terrain, is 726 Gt C. 

3.10.2. Fungal-SOC (f-SOC) Biomass Mushrooms from 12 Gt to 300–3,760 Gt C 

Bar-On et al. (2018: supplement), as with Whitman et al. (1998), average soil depths between 0–
1 m and 0–8 m saying that microbial biomass below 1 m averages between ≈2–30% of the total 
microbial biomass as found in the top 1 metre of soil. Then they took a geometric mean of the fraction 
of fungal biomass from total biomass of soil microbes they estimated as ≈60% that translated to an 
estimate for the biomass of soil fungi of ≈12 Gt C. 

For Bacteria (and Archaea), Bar-On et al. (2018), had 8 Gt to give a Fungal:Bacteria ratio in soil 
of 12:8, or about 1.5:1. Although He et al. (2020) mostly agreed with a global biomass carbon budget 
of 12 Gt C for fungi they had a lower value of just 4 Gt C for bacteria in topsoil for an F:B ratio of 12:4 
or about 3:1. A revised bacterial estimate in Blakemore (2022, 2023: Table 1) has bacteria at about 200 
Gt C; if the same ratios apply then the fungal biomass in soil would be truly be × 25–50 higher at 
about 300–600 Gt f-SOC. 

He et al. (2020) for “Global stocks of living microbial biomass” estimated fungi as 12.56 Gt C. 
However, this is only “in 0–30 cm topsoil”, and their global estimate of SOC (684–724 Gt C in 0–30 cm), 
thus they said about 1.8% of their total SOC is stored in soil fungi. 

This contrasts to Hu et al. (2024) who say: “AMF biomass accounts for 20–30% of the total soil 
microbial biomass, and roughly 15% of the SOC pool in diverse terrestrial ecosystems”, this is about 
ten times greater proportion. But perhaps Arbuscular Mycorrhizal Fungi (AMF) are only about half 
of the total fungi in which case this ≈60% of total biomass in Bar-On et al. (2018) may well be correct? 
But it is difficult to reconcile the Hu et al.’s 15% of SOC with He et al.’s (2020) mere 1.8% of SOC, 
unless fungal biomass estimated are out by factorials. 

Bar-On et al. (2018: Figure 5) estimated contributions of Ectomycorrhiza [EM] as roughly ≈0.2 Gt 
C and Arbuscular Mycorrhiza (AM) as ≈2 Gt C, rather than total 12 Gt C biomass as they claim. Yet 
Robinson (2004) found 15 Gt C in [Ecto-]mycorrhizal hyphae alone.  

If Bar-On et al.’s EM + AM fungi are 0.2 + 2.0 Gt (or 1.6 +16.7% = 18.3%) of total 12 Gt C (100%). 
Then, should Robinson be correct, and EM alone are 15 Gt, as just 1.6% this gives total fungi 1,880 Gt 
C! If reasonably doubled for terrain, a total would be 3,760 Gt C global soil Fungi biomass which is 
much higher than soil Bacteria (at ~200 Gt C as shown below).  

An initial problem with He et al. (2020) value is that it is only for “living microbial biomass” and, 
for example, Burkert et al. (2019) have “In temperate soils, up to 40% of DNA is from dead or 
compromised cells. In permafrost, the amount of relic DNA may be even higher because frozen 
conditions preserve DNA from dead cells.”  They cited just 25–26% viable cells in some Permafrosts 
suggesting about 75% were dead or dormant. Other authors have similar or higher estimates, e.g., 
Sorensen and Shade (2020) say: “Furthermore, a majority of the microbial cells or richness in soil is 
dormant, reportedly as high as 80%, representing a considerable pool of microbial functional 
potential. Finally, across heterogeneous soils, an average of 40% of the microbiome DNA was 
necromass that existed extracellularly. This suggests that DNA-based methods of determining 
microbiome dynamics include both inactive and necromass reservoirs…”.  
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Thus, it is not unreasonable to at least double He et al.’s value. 
12.56 Gt C × ~2 for dormant/dead microbial cells = 25.12 Gt C. 
Also, He et al. only measure microbes in the top 30 cm while SOC averages are of around 828 Gt 

and 1,873 Gt, for 0-30 cm and 0-100 cm soil depths, respectively, or about double. And, as Harper and 
Tibbett (2013) found: 50–75 % of the SOC occurred within the top 5 m of soil profiles, with mean SOC 
mass densities at least 2–5 times greater at depth, this too may be doubled. Thus an argument can be 
posed for quadrupling a depth factor. 

25.12 × ~4 for soil to full depths >>30 cm = 100.48 Gt C 
This is about 8× He et al. (2020) initial value (which may partly account for their 1.8% discrepancy 

vs. fungi being “roughly 15% of the SOC pool”?). GRSP glomalin of AMF origin may increase all SOC 
values by 10–50% (the actual figures range about 5–52% so 30% is a reasonable median, albeit 
diminishing with depth). 

100.48 × ~30% median for GRSP glomalin = 130 Gt C. 
Deep saprock may also increase SOC by ~30%, or add ~30 Gt C in fungal exudates? 
130 + ~30 for saprock/bedrock fungal carbon = 170 Gt C. 
Finally, terrain (Blakemore 2018, 2023) likely doubles all soil values, including fungi. 
170 × ~2 for terrain = ~340 Gt C as a new f-SOC total. 
This is about 27 times He et al.’s initial 12.6 Gt C value. Furthermore, from Blakemore (2023 - 

https://vermecology.wordpress.com/2023/11/06/up-2-c/) in all its forms, SOC totals 15,000–25,000 Gt, 
with mean ~20,000 Gt C thus, if fungi truly are “15% of the SOC pool”, = ~3,000 Gt C. This may be 
compared to the total of 3,760 Gt C noted above. 

Finally, given Soil Organic Carbon (SOC) in topsoil alone may total 8,000-12,000 Gt (from 
Blakemore 2018, 2023), say, a mean of ~10,000 Gt C, and that mainly fungal-derived glomalin adds 
10-52% to this, median ~30%, then a value of 3,000 Gt C proxy for total global fungal-C may not be 
unreasonable supporting higher fungal product values.  

Further information was presented in an informal study by Blakemore (2024 - 
https://vermecology.wordpress.com/2024/02/01/fsoc/) with the range ~300–3,760 Gt C. However it is 
likely that the lower figure is most correct as these newly revised data have a F:B biomass ratio of 
300:200 or about 1.5 which appears within bounds or earlier ratios. Notwithstanding a bacterial tally 
may be similarly raised for its GRSP products that are often substantial, yet missed from most soil 
carbon analyses. More work is clearly needed. 

Justification for higher fungal carbon stocks is from a recent study by Hawkins et al. (2023), as 
discussed in Blakemore (2024 - https://vermecology.wordpress.com/2024/02/01/fsoc/), that shows up 
to 50% allocation of plant NPP to below-ground fungi, their average (table 1) is >22.8% that they show 
for total NPP of just 53.58 Gt C/yr, in other words about 12.2 Gt C/yr allocated. However, when NPP 
is realized at 220 Gt C/yr, a 23% allocation is closer to 50 Gt C/yr supplied to fungi, a massive amount 
of biomass-C. This supports not just the validity of increased NPP but also a much greater fungal C 
stock. See comments on Sanderman et al. too. 

Regardless of outcome, it is now up for debate and refinement noting that a 10-fold f-SOC 
margin of error (~340–3,760 Gt C) is like Bar-On et al. (2018) soil microbes error. 

Note that fungal biomass is often a component of other estimates of SOC so does not necessarily 
add to the total global SOC stock. However, it seems that glomalin, the fungal glycoprotein that has 
until recently been difficult to extract or measure, is an important soil addition that may account for 
up to 52% total SOC and represent a proxy for the abundance and activity of AM or VAM fungi in 
soils. Glomalin added to a fungal tally again raises total living, dormant, dead or products to well 
over 3,000 Gt C, as speculated above. 

3.10.3. Bacteria, Archaea and Lesser Microbes 

Bacteria and other microbes are also mostly counted in the total SOC values, but their actual 
contribution is important for understanding the processing rates and also other soil factors. To a 
depth of 1 m total soil microbe biomass in Bar-On et al. (2018: Table S1) was ≈20 Gt C comprised of 
≈0.5 Gt C of soil Archaea, and ≈7 Gt C of Bacteria to total ≈8 Gt C compared to a total soil fungi value 
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of ≈12 Gt C. Their soil microbial error margin was 10-fold (i.e., a possible biomass range 2–200 Gt C?). 
Bar-On et al. (2018) also stated “≈98% of the total microbial biomass is found in the top 1 meter of soil” 
further validating new microbial estimates to 1 m depth of global soils. Blakemore (2022, 2023: Table 
1) confirmed global biota dominated by Bacteria then Archaea with minor contributions (<1–2 %?) 
from other microbes with a biomass estimate, coinciding with Bar-On et al’s. upper range, is ~210 Gt 
C.  

3.10.4. Earthworm Biomass and Their Processing of Topsoil Humus 

Earthworms are intimately associated with soil microbes, increasing abundance up to 1,000 
times during passage of soil through their intestines to form casts; furthermore, they disperse fungal 
propagules throughout the soil profile (Lee 1985, Blakemore 2023). 

Purschke (1999) suggested a primary terrestrial origin of detritivorous Annelida, plus it is 
inferred early diversification of (mainly marine) annelids occured before Lower Cambrian (Wiegert 
et al. 2022). Earliest Annelida may have emerged in the Cambrian around 518 million years ago and 
some late Ediacaran fossils may be even older. This suggests annelids are equally likely to have 
originated on land or in muddy sediments and subsequently colonized littoral habitats as much as 
vice versa, thereby in synchrony with and accompanying plants during their co-evolution with soils, 
fungi and microbes on land. 

For earthworms (terrestrial Annelida) Bar-On et al. (2018) had just ≈0.2 Gt C based on 10 mg of 
dry weight for a “characteristic” earthworm (from Fierer et al. 2009). However, studies by Blakemore 
(2018, 2023) based on Lee (1985) had 20 × greater of up to 4.0. 

A recent article by Miller et al. (2024) suggested 900 million tonnes of earthworm dry matter 
available globally but these authors note: “An illustration of the academic uncertainty is a report by 
Blakemore, which concluded that the global earthworm dry biomass amounts to 4.5 gigatonnes, fivefold higher 
than the estimate calculated above.” At 50% carbon content this is 2.25 Gt C in earthworms. However, 
subsequent values ranged 2.3–3.6 Gt C (Blakemore 2003) and a latest estimated mean value is 3.8 Gt 
C earthworm biomass (Blakemore 2024: Table 5) that noted: “Earthworm biomass at 3.8 Gt C and 
Microbes at 209.6 Gt C are slightly higher than 2.3–3.6 Gt C and 200 Gt C, respectively, estimated by 
Blakemore (2023: Table 2) confirming importance of both groups to Soil Ecology.”  

It is interesting that as well as the biomass of earthworm in figure above now being much more 
than fishes, with new values of ~4 Gt C vs. ≈0.7 Gt C Gt C, earthworm abundance and biodiversity 
(~35,000 expected earthworm species) also much higher than fishes indicating a need for a shift in 
focus. The fish value of ≈0.7 Gt C from Bar-On et al. (2018) compares to their estimate of the total 
global biomass of fish before human civilization across all depths at ≈0.8 Gt C. This suggests there is 
not the ocean emergency as much as is implied. Conversely worms are dying. If earthworms under 
global agrichemical (Blakemore 2018a) and UK forest habitats (Barnes et al. 2023 as commented on 
by Blakemore 2023 - https://vermecology.wordpress.com/2023/05/27/wd22/) are, respectively, -83% 
and -77%, then their policies and practices for their restoration may offer practical solution to soil loss 
and Carbon Capture and Storage (CCS). This was Soil/Earthworm solution was proposed in S/ECCS 
(Blakemore 2019 - https://vermecology.wordpress.com/2019/11/11/earthworm-cast-carbon-storage-
eccs/). 

Revisiting Darwin’s (1881) work a Century later, Lee (1985: Tables 18 and 21) has mean 
earthworm surface casts dry mass of 105 t/ha/yr and about equal subsoil casting gives 210 t/ha/yr. 
With a 26 Gha topsoil mantle this is 5,460 Gt/yr humus processing. At an average cast carbon content 
of ~4% gives 218.4 Gt C/yr, or the entire terrestrial NPP, as to be expected for balanced Nature. 

Inorganic C, although often of biotic origin (e.g. earthworm CaCO3) are often excluded but 
should now be considered as biotic biomass products as are defined above. 

3.11. Soil and Biota Summary Data 

Summary of the global SOC status prior to the current paper is provided in Blakemore (2024 - 
https://vermecology.wordpress.com/2024/07/30/soc/). Updated herein, new values are shown below 
for the global SOC and Biota Biomass calculation (those in braces are included in SOC): 
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Mineral soil (~1,500 Gt C + 20–30% glomalin , 26% for saprock, × 4 =) – 10,000 Gt SOC. 
Permafrost (>4,200 Gt C plus glomalin that may add up to 50%?) - >5,000 Gt SOC. 
Peat (total 4,050 + 3,000 lignite = 7,050 Gt but just peat alone to depth =) 4,050 Gt SOC.  
Sediment Carbon in Lakes & Rivers (820 + 1,640 =) 2,460 Gt SeOC. 
Litter/logs often included with SOC or, more usually, ignored - 600 Gt C.  
Biocrust and Phytomenon rarely included with SOC, mostly ignored - 17 Gt C. 
DOC sometimes included in superficial SOC, for depth possibly added – 52 Gt DOC. 
SIC and DIC (?4,600–7,400 Gt C); 2,300 and 1,400 doubled – 7,410 Gt SIC/DIC. 
Above-ground Vegetation – >1,100 Gt C plus roots (~916 Gt C) = 2,016–2,400 Gt C.  
Fungi typically included in total f-SOC (>300–3,000 Gt C). 
Bacteria and Similar Microbes also usually included in SOC (~210 Gt C)  
Earthworms these are almost always removed from soil samples – ~4 Gt C. 
Thus, 10,000 mineral, >5,000 permfrost, 4,000 peat, 2,500 SeOC, 600 litter, 17 biocrust, 52 DOC = 

>22,169 Gt SOC total (slightly less than the initial 24,000 rough Fermi guess). If the 7,400 SIC/DIC are 
added, then the total approaches 30,000 Gt as alluded to in the Abstract, which is about ten times 
SOC plus SIC totals of 3,000 Gt as in Naorem et al. (2022).  

Additionally, 2,400 in above- and below-ground vegetation plus 5,000–10,000 Gt fossil fuels, 
gives a total (22,200 + 2,400 + 5,000–10,000 =) ~32,000 Gt SOC and Biotic C stocks. This corresponds 
well to NOE drawdown estimated above of ~30,000 Gt carbon. (Q.E.D.). 

3.12. Primary Productivity (NPP), Soil Respiration (SR) and CO2 Drawdown 

Despite an “official” estimates of around 60–70 Gt C/yr NPP on land (as in Table 1), evidence 
indicates rates may be much higher, and Liang et al. (2023) have terrestrial NPP likely at 120–190 Gt 
C/yr approaching the 218 Gt C/yr land NPP from Blakemore (2018). Support for these higher values 
is summarized in self-explanatory figures (Blakemore 2022 - 
https://vermecology.wordpress.com/2022/01/13/fossil-fuel-fallacy) (Figures 13 and 14). 

 
Figure 13. A rapid increase in atmospheric CO2 estimated in the period 1900–2020 is from 280 ppm to 
412 ppm, which is about a 32% rise while terrestrial GPP increased 35% over the same period, mainly 
due to a CO2 greening effect. Inability of plants to drawdown excess CO2 is likely due to forest 
clearance for crops and stock, erosion and topsoil loss. 
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Figure 14. NOAA’s Barrow site in Alaska is a northernmost monitoring station yielding seasonally 
fluctuating blue curve with 60–80 Gt C/yr flux, much higher than fossil fuel emissions and far in excess 
of Carbon Capture Storage (BECCS/CCS) schemes. Revised terrestrial NPP (green) and soil 
respiration SR (brown) almost balance out, more or less. 

Is higher NPP justifiable? Evidence for the Northern Extra-Tropics (30–90∘ N), or boreal region, 
are of 60–80 Gt C/yr, (median ~70 Gt C/yr) (Blakemore 2020 - 
https://vermecology.wordpress.com/2020/08/31/barrow/). This is supported as Bartsev et al. (2012: 
Figure 3) model a boreal flux of ±62 Gt C/yr mainly from the steppe then from forest, so the whole 
temperate North may be higher, at least 100 Gt C, and if this flux is about half, then global NPP comes 
out at well over 200 Gt C/yr. Indeed, Haverd et al. (2020) claim: “land north of 35°N contributes less than 
25% to global GPP” then total may be at least (4 × 62 =) 248 Gt C/yr for global NPP. Comparatively, 
Ronin et al. (1975: Table 1) have proportion of NPP in polar, boreal and temperate/sub-boreal zones 
combined as just 14.8% (vs. 60% in tropics) for global or, for Continental NPP alone, this is 20% (vs. 
80% in tropics). This northern contribution of just a fifth suggests a much higher (5 × 62 =) >310 Gt 
C/yr total land NPP. 

Field et al. (1998; Table 1) estimated seasonal NPP flux on (flat!) land of 33.7 Gt C (or 60%) in 
northern summers (April to Sept) and 22.7 (or 40%) for the rest of the year in the rest of the world; 
thus, their summer spike accounts for about (33.7-22.7 =) 11.0 Gt C (or 20%) above background NPP. 
As Barrow measures a real 20 ppm summer drawdown equating to an NPP spike of ~40 Gt C, perhaps 
doubled for simultaneous soil respiration to ~80 Gt. Thus, logically, if this represents at most 20% of 
total annual NPP, then global total NPP is at least 5 × 40 = >200 Gt C/yr, possibly much higher (5 × 80 
= 400 Gt C/yr?), and this yet again heralds a need to revise NPP estimates upwards as per Blakemore 
(2018, 2020 - https://veop.files.wordpress.com/2020/06/veop-4-5.pdf).  

With atmospheric carbon values at the time of their publication, Welp, Keeling et al. (2011) CO2 
turnover was “approximately every 2 yr” implying (885/2 Gt C =) 443 Gt C/yr processed mostly on land. 
This can be explained by supporting higher NPP values of 220 Gt C/yr, or near the same as Blakemore 
(2018: Table 11) NPP for × 2 terrain of 218 Gt C/yr.  
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Liang et al. (2023) concur with a shorter turnover time at 1.5 yrs requiring (890/1.5 Gt C=) 593 Gt 
C/yr GPP that would correspond with a higher NPP of 296 Gt C/yr. This is lower than Blakemore 
(2018: Table 11) for × 4 terrain of 436 Gt C/yr, but similar to Ronin et al. (1975: Table 1) and Bartsev et 
al. (2012: Figure 3) data calculated above of NPP >310 Gt C/yr. 

Furthermore, as noted above, this NPP is processed constantly, mainly through the intestines of 
earthworms and via microbial decomposition, supporting an entire atmospheric CO2 turnover in 
about 2–4 yrs cycles via these agents in litter layers, the topsoil humus and deeper in subsoils. 
Maintaining this vital workforce of synergistic interactions between earthworms, microbes and fungi 
in healthy soils should be seen as a priority. 

4. Summary, Conclusions, and Recommendations 

The summary of total soil and terrestrial biomass stocks show them to be the greatest global 
repository for active organic carbon. It may be further realized that as these stocks are ancient and 
are being lost at increasing rates then they likely contribute more to CO2 increase than do fossil fuels. 
Bartsev et al. (2012: Figure 3) noted: “measures taken by the world community to reduce greenhouse gas 
emissions are of less importance than preservation of wild natural resources.” If emissions stopped 
tomorrow (as they indeed were during Covid Lockdowns) the green-house gasses (GHGs) yet 
remain. The Drawdown Review (2020: 13) supports soil as the only feasible way to remove excess 
CO2 (98.5%), compared to costly and un-natural CCS carbon capture and storage (1.1%) or overhyped 
oceans (0.4%). 

Although decomposition and microbial respiration from compost releases large amounts of CO2, 
the net product is high in SOM/SOC and, moreover, were shown by Howard (1935, 1945) to be 
enriched in nitrogen above the input levels due to activity of N-fixing microbes. Carbon loss from 
composting averages 26–44% based on a recent meta-analysis (Ye et al., 2023) implying more than 
half or three quarters is preserved in resilient carbon compounds, e.g. in humus which as early as 
1881, Darwin showed was so important for soils, plants and food. Earthworm processed vermi-
compost is more enhanced. 

Food production is intrinsically linked to soils as manifest by an estimated 98.8% of daily calories 
consumed by humans from soils, whereas only 1.2% is from aquatic sources (FAO, 2018). At the same 
time, soil is eroding at unsustainable levels (Kopitte et al. 2019). 

Certainties are CO2 is rising, land is not flat, and our ignorance of soil outweighs knowledge. 
Although not definitive, this study is more realistic than claims by proponents of just 60 Gt C/yr NPP, 
15 Gha terrain, or 1,500 Gt SOC, who must raise their low values. 

Throwing more light on basic soil factors like global carbon stocks and cycles is required, 
especially when it realized that very few, if any, of the compilers of AR6 nor GCB reports are affiliated 
with soil research institutions; this partly because – unlike the myriad well-funded marine, aquatic 
or air research facilities – not a single, dedicate Soil Ecology Institute exists anywhere on Earth. This 
deficit needs be urgently redressed as a priority. 

Our global triage imperative is to halt species extinctions mainly due to poor agricultural 
practices and overconsumption in some countries of meat products. Proven solution to poisoning 
and increasing erosion, acidification and desertification of soil is restoration of organic husbandry 
under practices of Permaculture (Mollison 1988). Permaculture supports efficiency in food 
production and housing design (solar passive, heat pumps, and insulation) as well as appropriate 
energy sources such as geothermal (direct, enhanced or binary systems) and trompe (compressed 
air). A brief summary of these energy sources is found in Blakemore (2020 - 
https://vermecology.wordpress.com/2020/07/30/ame-power/)/. These complement or may replace 
fossil/biomass energy in a circular economy.  

A supposed limitation to organics is the stock of biomass that is the foundation of composts but 
is often redirected for fuel source, either for heating or electricity generation. However, as the current 
study shows, annual biomass production (NPP) and global stores are massively underestimated. 
These conclusions are now open for testing on local and wider scales. For example, an argument has 
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been made for the re-greening of Australia by implementing soil restoration policies (Drawdown 
Review 2020, Blakemore 2023). 

Valid criticisms and corrections to the work presented here are encouraged to help progress 
these salient issues. Detractors, however, who fail to provide their estimate of land surface area or 
depth of soil are automatically invalidated, unless they can prove the Earth is flat, soil is shallow, and 
Darwin was wrong to consider earthworms important. 
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