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Measures of deep-time terrestrial net ecosystem productivity and

carbon sink function

Chris Mays, Richard V. Tyson and Michael T. Hren

Abstract

Indicators of past biological productivity, or ‘palaeoproductivity proxies’, offer ways to indirectly
measure Earth’s deep-time ecosystem and carbon cycle functioning. Given that plants have
been the principal primary producers on land for hundreds of millions of years, the abundances
of fossil plants in the rock record can indicate past changes in net terrestrial ecosystem
productivity (NTEP). This is the net carbon uptake or release by a terrestrial ecosystem, and
a measure of whether the ecosystem is a carbon sink or source. When applied on a global
scale, NTEP represents a major component of Earth’s carbon cycle. Moreover, since plants
are particularly sensitive to rapid climatic events, measuring NTEP with fossil plants should
indicate how land carbon sinks are impacted by these climatic changes. Herein, we compare
and contrast two proxies of NTEP changes in deep time: terrestrial organic microfossil
concentrations (c;) and terrestrial organic carbon (TrOC). However, the preservation pathways
of terrestrial organic microfossils (hence, c¢; and TrOC) are complex and poorly understood. In
this review, we have: 1, summarized the factors that influence the preservation of land-derived
organic carbon in the fossil record; 2, adapted and applied a framework of modern net
ecosystem productivity (NEP) to prehistoric settings by incorporating post-burial effects; and
3, explored the conditions under which ¢, and TrOC may provide valid estimates of relative
changes in prehistoric NTEP. Lastly, we produce a roadmap towards refined proxy of deep-
time NTEP, which would constrain biogeochemical models since the emergence of large land

plants >360 million years ago.
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1. Introduction

Today, the rate of carbon sequestration on land and in the oceans is approximately equal
(Canadell et al., 2007), but terrestrial carbon sinks are far more susceptible to short-term
disruptions to their efficiency (Friedlingstein et al., 2022). The vast majority of net carbon
sequestration in these land carbon sinks is the result of plant photosynthesis (Keenan &
Williams, 2018). Hence, net carbon accumulation and burial on land tends to be highest in
regions with dense vegetation, such as forests (Lorenz & Lal, 2010; Keenan & Williams,
2018) and peatlands (Loisel et al., 2021). Since the emergence of large land plants in the
Devonian Period (Maffre et al., 2022), the relative contribution of terrestrial (vs marine)
carbon sinks to the global carbon cycle was likely similar to today (Lenton et al., 2018). Over
long geological timeframes (e.g., 105-107 years), global changes in carbon burial rates have
been largely driven by silicate weathering (Royer et al., 2014; D’Antonio et al., 2020) and
associated carbonate deposition in the ocean (Planavsky et al., 2022). While long-term
climate trends and continental arrangements can cause broad changes in terrestrial biomass
(Gurung et al., 2022, 2024), biological events—Ilike evolutionary innovations or climate-
triggered ecosystem collapses—play the dominant role in changes in carbon burial rates on
shorter intervals (Boyce et al., 2023). Several biological innovations appear to have had
major impacts on land productivity and burial, e.g., biosynthesis of the biopolymer lignin
among plants (Niklas & Pratt, 1980, Weng & Chapple, 2010), fungal decomposition niches
(Remy et al., 1994, Nelsen et al., 2016), or the emergence of trees (Algeo & Scheckler,
2010), flowering plants (Brodribb & Feild, 2010, Boyce & Zwieniecki, 2012; Zwieniecki &
Boyce, 2014) and grasses (Stromberg, 2011, Linder et al., 2018). Similarly, regional or global
ecosystem changes can be expressed as dramatic changes in land plant productivity, such
as anthropogenic (Mottl et al., 2021) or climatic (Prentice et al., 2011) deforestation, or the
collapse of peat-forming ecosystems (Retallack et al., 1996). Moreover, variations in land
productivity are large contributors to the diversity of land faunas (e.g., Jetz & Fine, 2012;

Myers et al., 2012; Fritz et al., 2016). Therefore, measuring fluctuations in continental carbon
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burial, in the form of fossil primary producers, may serve as a proxy for net productivity and
ecosystem function, particularly during key biological and climatic events. This, in turn, may
improve the precision of biogeochemical climate models (e.g., Beerling, 2000; Berner, 2009;
Lenton et al., 2018) by constraining a principal component of Earth’s deep-time carbon cycle

since at least the Devonian Period.

Carbonate formation is relatively uncommon on the continents, compared to the oceans
(Liu & Dreybrodt, 2015); hence, organic carbon (OC) constitutes almost the entirety of buried
carbon in modern continental basins (Brett et al., 2017; Drake et al., 2018). Sedimentary OC
concentrations are typically measured as total organic carbon (TOC). This has been used to
inform prehistoric productivity (or ‘palaeoproductivity’; e.g., Schwarzkopf, 1993; Tyson, 1995,
2001, 2005; Schoepfer et al., 2015). TOC is measured from the organic residue following
dissolution of a sample’s non-organic mineral content, including inorganic carbon in the form
of carbonate minerals (Schumacher, 2002). While additional geochemical proxies can
provide constraints on palaeoproductivity, particularly for marine systems (Tribovillard et al.,
2006; Algeo et al., 2013; Schoepfer et al., 2015; Horner et al., 2021; Lin et al., 2024), TOC
alone is incapable of determining carbon between organic carbon sources. This is
particularly problematic during ecological disruptions, owing to the extreme fluctuations in
abundances of different primary producers (e.g., microbial blooms, van de Schootbrugge &
Gollner, 2013, Mays et al., 2021; marine productivity collapse, Algeo et al., 2013;
deforestation, Vajda et al., 2020; enhanced wildfire, Petersen & Lindstrém, 2012, Mays &

McLoughlin, 2022, Zhang et al., 2023).

1.1. Palaeoproductivity proxies

Although land plants constitute the vast majority of Earth’s biomass (Bar-On et al., 2018),
and have an enormous impact on the global carbon cycle (Friedlingstein et al., 2022),

gauges of terrestrial palaeoproductivity are scarce (e.g., Wang et al., 2023). Almost all
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studies of palaeoproductivity have been conducted on marine systems. A variety of
techniques have been employed to this end, including: 1, biomarker abundances (e.g., Ca7
alkenones: Bolton et al., 2010; fatty acid 3'*C: Ashley et al., 2021); 2, TOC and inorganic
geochemical proxies (e.g., Stein, 1986b; Felix, 2014; see review by Schoepfer et al., 2015);
3, calcareous microfossil concentrations (e.g., nannofossils: Eshet & Almogi-Labin, 1996,
Kinkel et al., 2000); and 4, organic microfossil concentrations (e.g., dinoflagellate cysts:
Zonneveld et al., 2001, Reichart & Brinkhuis, 2003, Pearce et al., 2009, Frieling et al., 2018;
algae or probable algal acritarchs: Head et al., 1989; van Soelen & Kirschner, 2018; Lei et

al., 2019).

In contrast to the emphasis on palaeoproductivity from marine microfossil records,
absolute organic microfossil abundances from continental records tend to focus on floristic
population changes (Mander & Punyasena, 2018). Studies utilizing continental fossils (or
subfossils) typically focus on pollen and plant spores (e.g., Bonny, 1972; Haberle & Maslin,
1999; Hardy & Wrenn, 2009; Mays et al., 2020) or, less commonly, fungal spores (e.g.,
Etienne & Jouffroy-Bapicot, 2014; Perrotti et al., 2022) or non-marine algal cysts/acritarchs
(e.g., Head, 1992; Bonis et al., 2010; Gravendyck et al., 2020; Mays et al., 2021). The
abundance changes in these fossils can provide precise records of palaeoclimate changes,
especially in Quaternary assemblages where the climate tolerances of fossil organisms can
be directly inferred from their extant counterparts (Chevalier et al., 2020). When applied to
continental successions, concentrations of terrestrial microfossils (here defined as the
microscopic organic remains of past terrestrial organisms, whether fragmentary or whole)
have been used to constrain local palaeoenvironmental conditions (e.g., Goldring et al.,
1999). To our knowledge, no study has yet utilized the concentrations of terrestrial organic

microfossils to infer the net terrestrial ecosystem productivity of the past.

The purpose of this review is three-fold. Firstly, we critically assess our present state of
knowledge regarding the primary pre- and post-burial influences on terrestrial organic matter

in the geosphere. Secondly, we employ a simple and commonly used framework of modern
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net ecosystem productivity (NEP; = the amount of post-respiration carbon in an ecosystem),
and consider how each of the key parameters might be accounted for to estimate trends in
NEP of deep-time terrestrial ecosystems. Thirdly, we compare the utility of three potential
metrics of ancient terrestrial productivity: 1, total organic carbon (TOC); 2, terrestrial organic
microfossil concentrations (c;, sensu Mays et al., pre-print); and 3, the fossil-based

‘terrestrial organic carbon’ (TrOC).

We predict that ¢; and TrOC should provide a more accurate gauge of terrestrial
productivity than TOC, in large part because these metrics can identify the specific
contributors of buried organic carbon. If validated, we argue that time-series of ¢, and/or
TrOC may therefore: 1, quantify relative (if not absolute) changes in net ecosystem
productivity of the past; 2, determine the contributions of specific organism groups (e.g.,
plants vs other terrestrial primary producers) to past NEP; 3, constrain total carbon flux
estimates in carbonate-poor continental successions; 4, detect and quantify changes in
terrestrial organic matter export (when applied in marine systems); and 5, test hypotheses

about past ecosystem community dynamics (e.g., co-occurrence vs competition).

1.2. Net terrestrial ecosystem productivity (NTEP) in Earth’s history

1.2.1. Conceptual framework

Net ecosystem productivity (NEP) represents the net carbon gain or loss mediated through
an ecosystem in a given timeframe (Chapin et al., 2006). If the ecosystem is functioning as a
carbon sink, NEP will be positive and is the amount of carbon stored in an ecosystem after
accounting for all respiratory losses. In the most widely accepted form, it is calculated simply
as the total amount of carbon assimilated via photosynthesis (gross primary productivity;
GPP) minus the carbon released through respiration of all organisms within the ecosystem

(total ecosystem respiration, TER; Woodwell & Whittaker, 1968; Keenan & Williams, 2018).
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Here, we adopt the framework for calculating NEP proposed by Lovett et al. (2006; see

review by Pace & Lovett, 2021):
NEP = GPP —TER = ACyrg + Oxpp + E — 1 (1)

where | is the imported (=allochthonous) organic carbon, E is the export of organic carbon,
and Oxqy, is the non-biological oxidation of organic carbon (expelled as inorganic carbon,

primarily CO2). All terms above (excepting AC,,4) are discussed at length in the context of

prehistoric microfossil assemblages in their relevant sections below.

The term AC,,.4, represents the change in organic carbon storage in the ecosystem. When
this framework is applied to (pre)historic estimates of palaeoproductivity, we are typically
examining time-averaged samples from past ecosystems that: 1, are isolated ‘snapshots’ in
time; or 2, comprise a series of isolated, discontinuous data to build broad temporal trends.
Hence, rather than estimating continuous changes in carbon in- and outputs over time, this
factor would be better expressed as instantaneous carbon content when applied to ancient
ecosystems; hence, TOC (total organic carbon) rather than AC,,.,. Eqn 1 can then be

transposed as:
TOC = NEP — Oxp, —E + 1 (2)

Within the above formulation, TOC is the sum of NEP (i.e., post-respiration GPP) and the
non-respired carbon in- and outputs for a given ecosystem. Accurate estimates of organic
microfossil concentration (c) and TOC can be measured from strata, both of which are
measured per unit weight of dried sediment or sedimentary rock (wt%). The use of fossil
concentrations or TOC in this context requires that sedimentation rates should be measured
and/or held consistent between samples; the methods and assumptions of this approach are

explored further in see Section 3.1.6 and Table 1.

Following Eqn 2, NEP might be inferred from a potential proxy only if the sum of other

factors is negligible (0x,, + E + I = 0) or if these can be accurately calculated. Here, we
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define net terrestrial ecosystem productivity (NTEP) simply as the NEP of a terrestrial

ecosystem.

NEP contributes to the two forms organic carbon in the hydrosphere and geosphere:
particulate organic carbon (POC) and dissolved organic carbon (DOC). The difference
between these is based solely on organic matter size, whereby DOC includes the carbon of
all organic matter below a certain mesh size (typically 0.22—-0.7 ym), and POC is the carbon
of all organic matter larger than this (Kolka et al., 2008; Repeta, 2015). Collectively, these
constitute an ecosystem’s TOC (= DOC + POC). Terrestrial ecosystem-derived DOC
comprises a complex mixture of organic compounds dissolved in rivers, lakes and
groundwater (Perdue & Ritchie, 2003), and represents a major carbon reservoir on modern
continents (Hedges, 1992; Cole & Caraco, 2001). The majority (c. 70%) of exported total
organic carbon in global catchments today is in the form of DOC (Alvarez-Cobelas et al.,
2012; Raymond & Spencer, 2015) and DOC is approximately equivalent to POC in global
riverine carbon flux (Li et al., 2017). However, owing to the high lability and reactivity of
DOC, >40% of DOC in modern catchments is ‘lost’ within one year (Cole et al., 2007; Moody
& Worrall, 2017). This loss of terrestrial DOC is largely due to mineralisation (oxidation) by
photochemical processes (Massicotte & Frenette, 2011; see sections 1.2.5 and 3.2.4) or
respiration (Cole et al., 2006), the latter of which can occur very rapidly (Demars, 2019).
Subsequently, DOC seems to contribute a negligible amount of TOC to the rock record,
where the vast majority (c. 95%) of TOC is in the form of solid, fossil-derived, insoluble
‘kerogen’ (Hunt, 1972; Vandenbroucke & Largeau, 2007). At present, there is no direct,
empirical means of estimating absolute abundances of prehistoric, ecosystem-derived DOC
from the continental rock record. Moreover, metrics derived from a sediment or sedimentary
rock—such as ¢ and TOC—represent only tiny portions of the productivity of entire

prehistoric ecosystems. Hence, ¢ and TOC will always provide underestimates of NEP.

With these limitations in mind, an alternative use for ¢ or TOC is for inferring relative

(rather than absolute) changes in NEP over time. For this, the values of carbon export,
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import and oxidation should be accurately estimated, or held constant (if not eliminated),
across a time-series of deep-time samples. For palaeoproductivity estimates using TOC, we
have identified the primary contributors to NEP (Eqn 1) to reformulate the calculation of TOC

(Eqgn 2) as follows:
TOC = NEP — (Oxpp + Oxpy, + Ox7) — (Epoc + Epoc + Egoc) + (Upoc + Iroc) 3)

where Oxpn is the amount of photo-oxidised carbon (via photodegradation); Oxpy is the
amount of pyrogenically oxidised carbon (via fires); Oxr is the amount of thermogenically
oxidised carbon (via thermal maturation); Epoc is the amount of exported dissolved organic
carbon (DOC); Epoc is the amount of exported particulate organic carbon (POC), which—
when from the continents—is primarily in the form of plant debris; Eeoc is the amount of
exported extractable organic carbon (EOC) in the form of soluble hydrocarbons (e.g., oil and
natural gas), or insoluble solid bitumen; Ipoc is the amount of imported particulate organic
carbon (POC); and Ieoc is the amount of imported EOC. By discussing each of the terms that
contribute to this formulation of TOC (Figs 1 & 2), and the relationship between TOC and
terrestrial organic microfossil concentrations (c;), we explore how this framework might apply

to the fossil record for inferring relative changes in NTEP in Earth’s past.

<INSERT FIG. 1>

1.2.2. Respiration of terrestrial organic matter

The first major barrier to long-term organic carbon burial is respiration. Following Eqn 1, net
ecosystem productivity (NEP) is calculated as the gross primary productivity (GPP) minus
total ecosystem respiration (TER); this latter term is the sum of respiration by two broad
organism groups differentiated by their metabolism: autotrophic respiration (R,) primarily by
plants, algae and photosynthetic bacteria (i.e., the supporting energy costs of the
autotrophs), and heterotrophic respiration (R;,) by their consumers or decomposers (Keenan

& Williams, 2018). After autotrophic respiration, the majority of organic carbon in a terrestrial
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ecosystem is respired by fungi, animals and microbes (Xu & Shang, 2016), even in areas
with high potential for large, long-term carbon storage (e.g., peats; Clymo, 1984; Kuhry &
Vitt, 1996). This causes differential degradation between types of organic matter (Zonneveld
et al., 1997; Versteegh & Zonneveld, 2002, Versteegh et al., 2010). The terrestrial biomass
that survives respiration, therefore, consists almost entirely of durable substances, like chitin
and its derivatives (Graham et al., 2017; Nufiez Otafio et al., 2021), and plant biopolymers:
lignin (the primary structural component of wood; Hatcher & Clifford, 1997; Prescott, 2010),
cutan and/or cutin (waxy components of leaf tissues; Gupta et al., 2006) and sporopollenin
(found in the outer walls of plant spores and pollen; Li et al., 2019). While many of these
appear to be less recalcitrant in soils than previously thought (e.g., lignin; Klotzbicher et al.,
2011; Schmidt et al., 2011), all of the organic microfossil categories that comprise c; are
principally composed of these relatively durable constituents (Baldock et al., 2004; Feng et
al., 2008). Hence, prehistoric accumulations of these terrestrial fossils on the continents
(e.g., organic-rich lake/river sediments, coal measures) represent areas in which, or near
where, long-term (gross) primary productivity was necessarily greater than ecosystem

respiration; hence, positive NTEP.

These durable plant- and fungus-derived components, and their associated organic
microfossils, have deep evolutionary roots. Plant lignin first emerged in the Silurian (Niklas &
Pratt, 1980; Weng & Chapple, 2010), chitin-like fungal remains in the late Ordovician—early
Silurian (Taylor et al., 2015, and references therein), plant cuticles in the late Ordovician—
Silurian (Wellman & Ball, 2021, and references therein) and sporopollenin in the Ordovician
(Wellman et al., 2023, and references therein). Hence, all primary constituents of terrestrial
organic microfossil assemblages had evolved by the Early Devonian (c. 420 Ma). Moreover,
the Devonian Period marks the earliest records of the primary constituents of terrestrial GPP
(arborescent plants; Algeo & Scheckler, 2010; Weng & Chapple, 2010) and terrestrial TER.
For instance, mycorrhizal and saprotrophic fungi are major contributors to modern terrestrial

ecosystem respiration (Cooke & Rayner, 1984; Frey, 2019; Han et al., 2021), and both of
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these fungal niches have been agents of terrestrial biomass decay (sensu Zak et al., 2019)

and therefore, TER, since at least the Late Devonian (c. 360 Ma; Remy et al., 1994; Nelsen

et al., 2016). Relatively consistent primary biomass producers and consumers/decomposers
(and their fossil counterparts) suggest that fossil-based metrics, such as c; or TrOC, should

be useful for detecting trends in net ecosystem productivity throughout most of the

Phanerozoic.

Very little organic carbon is preserved in forest soils over the long term (Richter et al.,
1999; Shi et al., 2020). Instead, most terrestrial organic fossil assemblages can be found in
aquatic palaeoenvironments (e.g., lakes, rivers, deltas, nearshore marine areas). These are
regions where the efficiency of long-term organic carbon burial is higher (Middelburg, 1989;
Hartnett et al., 1998; Hedges et al., 1999). This is considered largely owing to the increased
rate of respiration by animals and aerobic microbes—oprincipal agents of organic carbon
mineralisation in aquatic systems (primarily into CO»; Burdige, 2005)—in soils, while
anaerobic metabolism of organic carbon typically occurs at a slower rate (Canfield, 1994).
Once buried, the key role seems to be the duration of O, exposure (e.g., Hartnett et al.,
1998, Sobek et al., 2009), the primary controls of which are: 1, the O» penetration depth in
the sediment (Meyers, 1997; Keiluweit et al., 2016; i.e., thickness of the “oxic layer”); and 2,
sediment burial rate (Middelburg et al., 1993; Katsev & Crowe, 2015). However, the long-
term degradation rate in marine sediments is a function of carbon age, independent of
oxygen availability (Rothman, 2024). Another key factor is composition, whereby organic
compounds are oxidized in relation to their reactivity (e.g., Arndt et al., 2013; Rothman,
2024). Early estimates of carbon ‘burial (or transfer) efficiency’ (= the percentage of organic
carbon deposited in a basin that becomes buried to a specified depth; Bradley et al., 2022)
in marine settings were c. 20% (Berner, 1982). However, the complexity of ocean systems
have revealed major heterogeneities in organic matter degradation and carbon burial rates
across the world (Arndt et al., 2013; Bianchi et al., 2018; LaRowe et al., 2020; Jergensen et

al., 2022). Contributing to these uncertainties are changes in aquatic settings that can
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deepen the sediment oxic layer, leading to a ‘burn-down’ effect in previously carbonaceous
sediments (Jung et al., 1997; Kodrans-Nsiah et al., 2009), reducing the preserved TOC by
up to c. 90% in deep marine conditions (Prahl et al., 2003). Moreover, recent investigations
of the microbial ‘deep biosphere’ have revealed that this respiration can continue at great
depths in the crust (up to c. 2.4 km, Fang et al., 2017; see review by Colwell & D'Hondt,
2013), albeit at much slower rates than aquatic or oxic sediment respiration (Price & Sowers,

2004) which are characterized by younger and more labile carbon pools.

On the continents, the rates and degrees of organic carbon respiration tend to be greater
than in the oceans, but highly variable (Catalan et al., 2016). In most lakes, the upper layer
of sediment on the lake floor tends to be oxic, promoted by animal bioturbation which can
reduce the long-term storage of TOC to c. 10—-20%, and POC to c. 35% (Thomsen et al.,
2004; Li et al., 2012). However, burial efficiency is much higher for eutrophic lakes (e.g.,
>60%; Radbourne et al., 2017) or those with higher terrestrial matter influx (e.g., c. 45-80%;
Sobek et al., 2009; Gudasz et al., 2017). Moreover, terrestrial organic matter appears to be
more likely buried in lakes than autochthonous (lake-derived) organic matter (Gudasz et al.,
2012; Guillemette et al., 2017). While burial rates on river floodplains are typically much
faster than lakes, these deposits suffer from greater durations of oxidation during temporary
storage in floodplain deposits (Scheingross et al., 2019; Repasch et al., 2021). As such, the
long-term burial efficiencies of POC in river floodplains are typically 20-50% (Scheingross et
al., 2021). With these losses of terrestrial organic carbon during the burial phase in
continental settings, we should expect to see disproportionate abundances of organic
remains that are resistant to decay by microbes (e.g., lignin-rich and lipid-poor fossils;

Meyers et al., 1995; Prescott, 2010) preserved in the fossil record.

The anatomy of fossil plants can provide independent clues to deep-time terrestrial plant
productivity estimates. Since these fossils are the remains of plants following respiration
(R,), such anatomy-based productivity estimates are most closely linked to net primary

productivity (= post-autotrophic respiration productivity, or NPP = GPP — R,). Several plant
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functional traits that are preservable in fossils have demonstrable potential to constrain past
NPP, including leaf vein density (Brodribb et al., 2007; Boyce et al., 2009; Zwieniecki &
Boyce, 2014; Westbrook & McAdam, 2021) and leaf mass per area (Poorter & Bongers,
2006; Poorter et al., 2009); see the recent review by McElwain et al. (2024). While these
proxies provide evidence of carbon assimilation rates by land plants (Boyce & Zwieniecki,
2019), they say nothing about heterotrophic respiration. Moreover, they are incapable of
providing direct estimates of NTEP, since they endeavour to answer different but related
questions. However, we predict that fossil plant anatomy-based productivity could provide a
crucial complement to proxies of NTEP; following Eqn 1, fossil-based NTEP estimates could,
in principle, be subtracted from the plant anatomy-based NPP estimates to gauge terrestrial

heterotrophic respiration.

<INSERT FIG. 2>

1.2.3. Pre-burial exported organic carbon (Epoc, Epoc)

A full accounting of NTEP must include organic carbon that has been exported from the
terrestrial ecosystem (term ‘E’ in Eqns 1-3). Exported organic carbon comprises three
factors: Epoc and Epoc pertain to pre-burial processes and will be discussed in this section,
while Egoc is considered in Section 1.2.6. In rare cases, the in situ remains of terrestrial
ecosystems can be found in the form of prehistoric soils (or ‘palaeosols’; Tabor & Myers,
2015). Such soils provide not only indications of aboveground terrestrial biomass (e.g.,
Williams et al., 2003; Miller et al., 2016) but also belowground biomass, the latter of which
can be greater in some terrestrial ecosystems (e.g., tundra, grasslands; see Robinson,
2007). Palaeosols can be sites of major peat deposits (Retallack, 2001). Modern peats are
the principal land carbon sinks and, thus, are areas where overall NTEP has been
necessarily greater than the sum of respiration, non-biological oxidation and export (Worrall

et al., 2003, 2009; Worrall & Evans, 2008). It is far more common, however, to find terrestrial
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organic microfossil assemblages that have undergone a degree of transport into aquatic
conditions, owing to their preferential preservation in water (Traverse, 2007). In such cases,
entire assemblages of terrestrial organic remains have been exported from their original
ecosystems, precluding clear inferences of productivity from many specific past

environments.

A pragmatic approach is to broaden the ‘ecosystem’ to encompass the terrestrial biota of
the entire drainage basin area, comprising a variety of coeval environments and associated
biotas (Fig. 2). Given that most soils at any given time in Earth’s history will not be preserved
and are regularly subjected to physical erosion, these dispersed assemblages likely
represent a mix of both above- and belowground biomass. Studies of Quaternary continental
basins have shown that the microfossil assemblages derived from rivers (Moss et al., 2005),
lakes (Hjelle & Sugita, 2011) and upper deltas (Hardy & Wrenn, 2009; Gastaldo, 2012;
Pandey & Holt, 2018) are remarkably representative of the proportions of plants in the
drainage basin, but with a bias towards riverine/riparian taxa. Models of modern pollen
dispersal (e.g., Sugita, 2007; Brostrom et al., 2008; Theuerkauf et al., 2016) provide an
increasingly accurate means to reconstruct past floristics, vegetation cover and distributions.
These are constrained by parameters that are testable by comparison to extant taxa—e.g.,
pollen productivity and dispersal range—but such parameters are rarely available from the
fossil record, particularly for pre-Quaternary assemblages. Hence, there is little control on

expected pollen abundances between plant groups for deep-time assemblages.

A path forward lies on relying less on specific fossil types, and more on the full suite of
terrestrial biomass (plant spores, pollen, fungi, leaves, wood, and other terrestrial organic
debris). Because these tend to behave as sedimentary clasts in a basin, their dispersal is
almost entirely driven by gravity and fluid dynamics (e.g., Fall, 1987; Tyson, 1995; Batten,
1996; Martin-Closas et al., 2005). The contributions of grains that do not behave clastically
(e.g., zoochorous pollen) will tend to be overwhelmed by the rest of the assemblage.

Moreover, these total terrestrial assemblages represent the majority of organic matter in
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continental deposits (Tyson, 1995) and, as fossilised terrestrial POC, are representative of a
major component of past NTEP (Li et al., 2017). Hence, the concentrations of total terrestrial
organic microfossil assemblages (c;) can be considered parautochthonous (=regionally
sourced) and may provide valid approximations of relative terrestrial productivity for a given

drainage basin.

If we utilise the broader, drainage basin-scale perspective outlined above, then terrestrial
ecosystem export is equivalent to the terrestrial carbon, both dissolved and particulate (Epoc
and Epoc, respectively), that ends up in contemporaneous marine basins. While
photodegradation of plant matter contributes to Epoc (see sections 1.2.5 and 3.2.4) terrestrial
DOC is extremely labile (Cole et al., 2006; Massicotte & Frenette, 2011; Demars, 2019) and,
as noted above, seems to contribute very little to long-term sedimentary TOC. Another
potential driver of organic carbon export is wildfire. While there is increasing evidence of
wildfires as a vehicle of long-distance dispersal of (non-mineralised) organic matter,
particularly during ‘megafire’ events (Tang et al., 2021), the abundances of this ‘pyrogenic’
exported organic matter are not well constrained (Clark et al., 1998; Santin et al., 2015). In
contrast, it is clear that the vast majority of exported organic carbon is via river and delta
transport, which can result in enormous terrestrial organic matter deposits in marine,
primarily nearshore, environments (Schlinz & Schneider, 2000; Hage et al., 2022). These
can be larger than in situ marine organic matter (up to 70-80% of total buried organic matter
in deltas; Burdige, 2007; Blair & Aller, 2012). As a measure of exported particulate organic
carbon (Epoc), fossil plant debris concentrations in nearshore marine environments have
successfully provided measures of cyclic environmental changes by estimating shoreline
migrations (Waterhouse, 1995, 1999; Ruf et al., 2005; Pross et al., 2006). Owing to the
considerable sorting, winnowing and recycling during pre-burial transport (Gastaldo, 2012),
such marine deposits are unlikely to provide valid estimates of terrestrial palaeoproductivity.

However, we argue that they can provide a gauge of relative, if not absolute, Epoc.
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A supplementary approach for accurate organic carbon export estimates in deep-time
contexts are biogeochemical models based on modern analogue basins. Studies of modern
basin carbon cycling demonstrate the key role that regional tectonism/magmatism (e.g.,
France-Lanord & Derry, 1997; Blair & Aller, 2012) plays in determining carbon cycle
functioning, including organic carbon export (see review by Hilton & West, 2020). For
instance, tectonically active regions tend to export a greater proportion of continental organic
carbon to the oceans than passive margin basins (see Blair & Aller, 2012 and references
therein). The stratigraphic and sedimentologic records provide a wealth of data on regional
tectonic and magmatic influence, which can inform basin-wide carbon cycle models.
Sedimentological characters, combined with relative abundances of organic microfossil
components (Duringer & Doubinger, 1985; Tyson, 1995), can help determine distance and
direction from a source of terrestrial organic remains. In ideal cases, where contiguous
prehistoric continental and marine basins are preserved, lateral transects of ¢, and/or TrOC

should be estimated, greatly constraining gradients of Epoc.

Not only will more accurate estimates of terrestrial organic carbon export provide a more
comprehensive picture of prehistoric NTEP, but will reveal export fluctuations in Earth’s past.
Changes in terrestrial organic carbon export can be driven by changes in regional
topography (Anell et al., 2009), and have been triggered by global biotic crises events. This
has been indicated by enhanced soil run-off during mass extinctions events, such as the
Frasnian—Famennian (Kaiho et al., 2013), end-Devonian (Smart et al., 2023), end-Permian
(Algeo & Twitchett, 2010; Algeo et al., 2013; Shen et al., 2015; van Soelen et al., 2018) and
end-Triassic (Steinthorsdottir et al., 2012; van de Schootbrugge et al., 2020). Such events

would be prime targets for terrestrial palaeoproductivity proxies.

1.2.4. Organic carbon import (lpoc and Ieoc)
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For valid estimates of NEP, allochthonous carbon that contributes to the examined buried
organic carbon (‘I in Eqns 1-3) needs to be excluded. This includes both pre-burial
(imported particulate organic carbon, Iroc) and post-burial (imported extractable organic
carbon, leoc) sources. For many microfossil-bearing in situ terrestrial sites, such as
prehistoric organic soils or peat deposits, import of exogenous carbon was likely a minor
component relative to copious amounts of particulate and dissolved organic carbon export
(Worrall et al., 2009; Alvarez-Cobelas et al., 2012; Moody & Worrall, 2017). However, the
most common terrestrial biomass accumulations found in the continental records are
deposited in lakes, rivers or deltas, where terrestrial microfossils are necessarily considered
imported organic carbon. In these contexts, in situ (aquatic) microfossil absolute abundances
can serve as a proxy for aquatic TOC while the imported (terrestrial) microfossil
concentrations can indicate the imported carbon. Conversely, as noted above (see Section
1.2.3), we recommend that the terrestrial microfossil assemblages in these prehistoric
waterbodies can be utilised as representing the terrestrial ecosystem in the drainage basin.
Hence, changes in ¢; from continental waterbodies should reflect changes in buried organic

matter from the regional terrestrial ecosystem.

In our expanded drainage basin-scale terrestrial ecosystem, the sole source of imported
organic carbon comes from the exposure and erosion of ‘old’ carbon within the basement
rock (or petrogenic organic carbon, OCpetro). The contribution of OCpetro to a basin’s TOC can
be substantial, and a principal determinant of imported OCetro is the exposure of
hydrocarbon-rich rocks in the region (Blattmann, 2022). For basins in or near active tectonic
regions, recycled particulate OCyetro (= Iroc herein) can comprise a major proportion of TOC
(e.g., 30—40% in the Waipaoa watershed, New Zealand; Blair et al., 2010). Although this rate
is much lower for passive margin drainage basins (e.g., <15% for the lower Amazon Basin;
Bouchez et al., 2010), Ipoc is considered relatively non-reactive, so it tends to accumulate in
continental sediments for extensive durations (Blair & Aller, 2012; Kalks et al., 2021). In

contrast, drainage basins in volcanic regions (e.g., ‘hotspot’ islands) have negligible
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basement-hosted organic carbon (Lloret et al., 2013; see review by Hilton & West, 2020).
Given this variability in imported OCyetro, determining the tectonic and/or magmatic contexts

of a basin will assist in constraining past NTEP estimates.

A wide array of methods can be utilized to quantify the proportions of recycled (basement-
derived, i.e., OCpetro) and contemporaneous (ecosystem-derived) organic carbon in a
sediment, such as isotopic (e.g., 8'*C, radiocarbon), geochemical (e.g., Rock-Eval pyrolysis)
or optical (see below) analyses. These methods have been most successful for Quaternary
samples, where the relative ages and thermal maturity of OC sources can be easily
distinguished (e.g., Graz et al., 2011; Kalks et al., 2021 and references therein). A key
strength of organic microfossil assemblages as potential palaeoproductivity proxies is that
they can be used to quantify recycled organic matter (hence, Ipoc). Fossil palynomorphs
(e.g., spores, pollen, algae/acritarchs) can enter the continental carbon cycle by erosion of
exposed basement rocks, where they are treated as petrogenic POC (Blattmann et al.,
2018). The abundances of these ‘reworked’ or ‘exogenous’ palynomorphs can be extreme
(up to 95% of a palynomorph assemblage; Lopes et al., 2014). Since a similar degree of
reworking is likely reflected for the whole organic microfossil assemblage, it can be essential
to quantify the abundances of reworked palynomorphs for accurate palaeoproductivity
estimates. Fortunately, there are several ways to discern reworked palynomorphs from in
situ or ‘indigenous’ microfossils (i.e., those contemporaneous with deposition; Fig. 3),
including discrepancies in their: 1, thermally induced colours (Combaz, 1980; Batten, 1981;
Yule et al., 1998; Strother et al., 2017); 2, autofluorescence responses (Phillips, 1972;
Waterhouse, 1998; Strother et al., 2017); 3, degrees of morphological degradation (Neves &
Sullivan, 1964; Elsik, 1966; Wilmshurst & McGlone, 2005); 4, susceptibilities to staining
(Stanley, 1965); 5, taxon age ranges (e.g., Mildenhall, 1994; Mays & Stilwell, 2013; van de
Schootbrugge et al., 2020; see review by Batten, 1991); and 6, palaeoenvironmental
affinities (e.g., marine fossils in continental deposits; Lopes et al., 2014). The identification of

reworked palynomorphs has been utilised for detecting regional tectonic uplift (e.g., Streel &
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Bless, 1980; Lopes et al., 2014) and intervals of enhanced continental run-off (e.g., van de

Schootbrugge et al., 2020).

In water or air, palynomorphs act as other sedimentary clasts (Traverse & Ginsburg,
1966; Holmes, 1994). Although there is a greater degree of sorting between different organic
matter grains with increasing transport distance—especially when transported into marine
conditions (Shepard, 1956; Boulter & Riddick, 1986)—they tend to behave similarly to other
terrestrial particulate organic matter of similar size (see review by Tyson, 1995). Hence, we
argue that recycled palynomorphs can provide a gauge of the relative contribution of
imported particulate organic matter. A key assumption in this argument is that the abundance
ratios of exogenous-to-indigenous non-palynomorph microfossils (e.g., wood fragments) are
similar to those for the palynomorphs. To test this, maturation measurements of other
microfossils (e.g., vitrinite reflectance of fossil wood; see sections 1.2.6 and 3.2.5) would
provide additional support for the proportions of in situ vs reworked organic matter. Ipoc
values can then be inferred from these reworked microfossil concentrations by estimating
their carbon concentrations; this can be achieved by utilising reasonable concentrations from
modern analogues and experimentally matured terrestrial organic matter (see Section 3.1
and Table 1). Finally, the resulting Iroc values can then be subtracted from TOC, terrestrial
OC (TrOC) or ¢;, thus generating more accurate values of prehistoric NTEP. While reworked
palynomorphs have long been considered a problem to solve (Johnson & Thomas, 1884;

Iversen, 1936), they present a solution for more accurate palaeoproductivity estimates.

An additional source of allochthonous organic carbon that needs to be accounted for is
imported extractable organic carbon (leoc), typically occurring as oil, bitumen or gas. Based
on the stage during which they contribute to the TOC of a sediment or sedimentary rock, two
types of EOC can be differentiated: 1, syn-burial EOC; and 2, post-burial EOC. Syn-burial
EOC is incorporated into a sediment from surface exposure of hydrocarbon-rich rocks in the
region (Wang et al., 2001; Feng et al., 2021). However, the contribution of syn-burial EOC to

the TOC of continental basins is likely minimal owing to the instability of these hydrocarbons
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at the Earth’s surface (Blattmann, 2022). In contrast, the contribution of post-burial EOC to a
sedimentary rock can be substantial; our modern civilisation largely depends on this fact.
Owing to the propensity of liquid or gaseous hydrocarbons—petroleum or natural gas—to
migrate through rock, continental rocks may serve as reservoirs of mobile hydrocarbons
(Hunt, 1996). While these exogenous hydrocarbons can be a major source of a rock’s TOC,
particularly for porous, reservoir strata (Steiner et al., 2016), they typically comprise <1% of
the TOC within a fine-grained sedimentary rock (Jarvie, 1991). For this reason, among
several others, fine-grained facies are preferred for TOC- and organic microfossil-based
proxies of net ecosystem productivity. The remaining organic matter in a sedimentary rock
consists of kerogen, which is largely represented by the indigenous organic microfossil
assemblage. One exception to this is the EOC that has been adsorbed by mineral matter,
which, after processing for microfossils, contributes to the amorphous organic matter (AOM)
content of an assemblage (Tyson, 1995). However, AOM (except for resin) is excluded from
the terrestrial microfossil counts. So, in contrast to TOC, both forms of leoc are excluded
from terrestrial organic microfossil-based metrics (c; and TrOC; see Section 3.1 and Table
1). These microfossil metrics, therefore, provide a far more direct estimate of ecologically

relevant organic carbon divorced from the influence of leoc.

<INSERT FIG. 3>

1.2.5. Non-biological oxidation of organic carbon: pre-burial (Oxp, and Oxpn)

Net ecosystem productivity includes the organic carbon sequestered by an ecosystem that
has subsequently been oxidised and liberated into the atmosphere, hydrosphere or
geosphere (primarily as CO. or CO) via non-biological processes (Oxn, in Eqns 1-3). These
will always result in reductions of the measured organic carbon accumulations. Hence, NEP
trends from microfossil- and OC-based metrics will be biased by changes in non-biological

(abiogenic) oxidation sources. These sources occur in two stages: 1, pre-burial (Oxpre); and
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2, post-burial (Oxt). Thus, an expanded accounting of all non-biological oxidation would

consist of:
Oxnp = Oxpre + 0xp = (0xpy, + Oxpy) + Oxy 4

where Oxgre is the sum of pyrogenic oxidised carbon (Oxpy) and photo-oxidised carbon (Oxpn;
see Chapin et al., 2006; Pace & Lovett, 2021), while Oxt consists solely of post-burial,
thermogenically oxidised carbon (see Section 1.2.6). Given that these factors vary
considerably under different past environmental conditions (Oxpy and Oxpn) and different
basin histories (Oxt), NTEP estimates should account for these non-biological sources of

organic carbon oxidation. The pre-burial factors, Oxpy and Oxpn, are expanded below.

Wildfires are an extremely efficient means of rapid biomass oxidation over large areas.
Fires can cause the loss of as much as 25% of annual net primary productivity in tropical to
subtropical savannahs (van der Werf et al., 2003) and contribute a major part of global
greenhouse gas emissions (Levine et al., 1995; Beringer et al., 2007). Average annual global
emissions of greenhouse gas—primarily CO>—from wildfires was equivalent to 6% of 2014
fossil fuel CO2 emissions (van der Werf et al., 2017), and recent megafire events have
demonstrated carbon emissions far greater than previous models predicted (van der Werf et
al., 2017; van der Velde et al., 2021; Zheng et al., 2023). In the wake of wildfires, large
volumes of recalcitrant particulate organic matter (‘black carbon’, consisting largely of soot
and charcoal) can accumulate in soils and continental waterbodies (Gonzalez-Pérez et al.,
2004). These incompletely combusted remains of vegetation and hydrocarbons can remain
nearly unaltered in the geological record for hundreds of millions of years as fossil charcoal
(Scott, 2010) or microscopic ‘inertinite’ (Scott & Glasspool, 2007; Mays & McLoughlin, 2022).
The resistance of charcoal to further oxidation or biodegradation (Tilston et al., 2016), means
that charcoal accumulations may be effective carbon sinks (e.g., Lehmann et al., 2006),
although the longevity of charcoal in the geosphere has been questioned (Wardle et al.,
2008; Bird et al., 2015). Regardless, in intervals of high fire prevalence, charcoal can form

the dominant components of organic microfossil assemblages (Mays & McLoughlin, 2022),
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and its high preservation potential provides records of long-term changes in wildfire activity,
hence biomass oxidation, for most of the Phanerozoic (Glasspool & Scott, 2010; Glasspool
& Gastaldo, 2023). Estimating concentrations of fossil charcoal—for instance, as a
proportion of c;—would inform the degree of fire-driven terrestrial biomass oxidation (Oxpy) in

prehistoric environments.

Additional precision for Oxpy might be obtained by estimating burn temperatures. While
there is considerable debate over the longevity of charcoal on geologic timescales (Singh et
al., 2012; Bird et al., 2015), the recalcitrance of charcoal is directly proportion to its carbon
concentration (Ascough et al., 2010; Kasin & Ohlson, 2013), which, in turn, increases with
temperature since this process preferentially expels hydrogen and oxygen (Almendrosa et
al., 2003; Wolf et al., 2013). As temperatures rise, the proportional weight of carbon in
charred wood increases from c¢. 50% to >80% at >600°C (Braadbaart & Poole, 2008;
Ascough et al., 2010). Despite its high density in the resultant charcoal, the total amount of
retained carbon is small compared to the carbon lost to the atmosphere during a fire: only c.
30% of carbon in dead vegetation was retained following prescribed fires (Alexis et al.,
2007). Precise burn temperature estimates can be gleaned from fossil charcoal with a range
of complementary techniques, e.g., carbon concentrations (e.g., Ascough et al., 2010),
optical reflectance (Braadbaart & Poole, 2008; Hudspith et al., 2015; Belcher et al., 2018),
stable carbon isotopes (see review by Bird & Ascough, 2012) and/or spectroscopy (e.g.,
Wiedemeier et al., 2015; Gosling et al., 2019). By revealing the amount of carbon liberated
during combustion, these temperatures will further constrain estimates of non-biological

oxidation of organic carbon during the pre-burial stage (OxXpre).

While the impacts of UV photo-oxidation on aquatic ecosystems have long been
recognized (Geller, 1986; Kieber et al., 1989), it has since been implicated as a major agent
of soil and plant litter decomposition in terrestrial ecosystems (e.g., Moorhead & Callaghan,
1994; Pancotto et al., 2005; Austin et al., 2016). The majority of products from the

degradation of plant biomass are indicative of oxidation (e.g., COz2), but non-oxidative
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processes have been implicated as contributors to ecosystem DOC (Vigano et al., 2008,
2009; Day et al., 2019). Hence, the broader term ‘photodegradation’ should be used in this
context, as it describes the abiotic liberation of all carbon from terrestrial biomass owing to
surface exposure to electromagnetic radiation (Lee et al., 2012). Photodegradation,

therefore, contributes to both Oxpn and DOC.

Initially, photodegrading radiation was considered largely within the UV spectrum;
however, the combination of UV and blue light radiation alone can contribute >40% of total
carbon loss in dryland areas in less than two years (Austin & Vivanco, 2006; Day & Bliss,
2020), and blue-green light has a particularly large impact on lignin (Austin et al., 2016). As
this effect is a function of insolation, photodegradation is enhanced at lower latitudes (King et
al., 2012) and in areas where tree cover has been lost (Gliksman et al., 2018). Within these
low latitude regions, the effects of photodegradation are significant in both dryland (Adair et
al., 2017; Grunzweig et al., 2022) and (sub)tropical (Marinho et al., 2020; Jiang et al., 2022)
conditions; in drylands, it can account for c. 60% of biomass loss in <2 years (Austin &
Vivanco, 2006). The quantification of photochemical oxidation is complicated by DOC
byproducts, the generation of which promotes microbial metabolism (Wang et al., 2015;
Austin et al., 2016; Day et al., 2018; Berenstecher et al., 2020; Jiang et al., 2022) and
contributes to the sum of exported organic carbon (Epoc). Thus, photodegradation not only

directly contributes to non-biological carbon loss (Oxpn), but indirectly to TER and Epoc.

Limited attempts have been made to model photodegradation on a global scale (Foereid
et al., 2011), but this phenomenon has not yet been incorporated into long-term carbon cycle
models of the Phanerozoic, nor on a smaller, palaeoecosystem scale. For a given latitude
and terrestrial biome type, changes in photodegradation are likely modest. However, it may
have played a large role on the broadest temporal and spatial scales, since latitudinal
vegetation cover has undergone dramatic shifts over the Phanerozoic (Gurung et al., 2022),
thus significantly changing the abundances of terrestrial biomass in regions of maximum

photodegradation. On shorter timescales, recent studies have also indicated that the



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

radiation intensity at the Earth’s surface may have undergone major fluctuations. UV
radiation may have increased in response to ozone depletion during magmatically triggered
environmental changes (e.g., end-Devonian event, Marshall et al., 2020; end-Permian event,
Black et al., 2014, Liu et al., 2023). Hence, we predict that increased rates of

photodegradation would have enhanced Oxpr (and DOC) during such biotic collapse events.

1.2.6. Non-biological oxidation of organic carbon: post-burial (Oxr and Eeoc)

While the original formulation of NEP followed here included only surface processes (Lovett
et al., 2006; Pace & Lovett, 2021), a full accounting of prehistoric NEP entails the
contributions of post-burial factors, specifically: thermogenically oxidised carbon (Oxr) and
exported extractable organic carbon (Eeoc). Since both factors will deplete the amount of
organic carbon preserved in a given sedimentary stratum, failing to account for them will
lead to an underestimate of NEP. While the deep biosphere plays a role in microbial
respiration of late-stage buried organic matter (see sections 1.2.2 and 3.2.1), almost all post-

burial oxidation and export is due to thermal decomposition, or ‘kerogen cracking’.

This multi-stage process involves the successive breakdown of complex organic
molecules into simpler components, resulting in the predictable transformation of buried
accumulations of insoluble organic matter, or ‘kerogen’, into light hydrocarbons (see review
by Helgeson et al., 2009). Kerogen is the most abundant form of organic matter in the
Earth’s crust (Durand, 1980; Hunt, 1996), and its maturation has been extensively studied,
largely owing to the central role this process plays in the generation of economic
hydrocarbon reserves (White, 1915; Trager, 1924; Cooles et al., 1986). The degree of this
kerogen decomposition is principally a function of: 1, organic matter composition (typically
categorised as broad ‘kerogen types’ sensu Tissot & Welte, 1984); 2, burial conditions,
specifically temperature (Price, 1983) and, to a lesser degree, pressure (Landais et al.,

1994; Carr, 1999); and 3, time (Sweeney & Burnham, 1990).
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Terrestrial organic remains are uniquely suited for estimating the degree of carbon lost
from a kerogen during maturation. Plant microfossils—the prime constituents of Type llI
kerogen (see review by Vandenbroucke & Largeau, 2007)—tend to be highly resistant to
maturation, and remain identifiable at higher maturation than microfossils associated with
other kerogen types (van Bergen et al., 1995; Fraser et al., 2014; see review by Tyson,
1995). For this and other reasons, the taphonomic signatures of plant microfossils have long
been used as thermal maturation proxies (see review by Hartkopf-Fréder et al., 2015). One
such proxy relies on plant spore/pollen colour (e.g., Spore Colour Index, Thermal Alteration
Index or Palynomorph Darkness Index; Collins, 1990; Marshall & Yule, 1999; Goodhue &
Clayton, 2010; Tahoun et al., 2018; Spina et al., 2021) or fluorescence (e.g., Sentftle et al.,
1993; Mao et al., 1994). A second, widely used metric is vitrinite reflectance (VR), which
relies on the optical reflectance of fossil wood (Price, 1983; Sweeney & Burnham, 1990;
Petersen, 2002; Mahimann et al., 2012; Mahimann & Le Bayon, 2016; Hackley, 2017) and is
often expressed as the maximum reflectance (%Rmax) or mean random reflectance (%Ro) of
incident light. These fossil-based metrics provide well-established, independent gauges of
post-burial carbon oxidation (Oxr) and generation of fluid hydrocarbons (or ‘extractable
organic carbon’, EOC) that can then be used to back-calculate the abundances of originally
buried organic carbon (Raiswell & Berner, 1987; Peters et al., 2006; Jarvie, 2012; Modica &
Lapierre, 2012; Algeo et al., 2013; Curiale, 2017; Xiao et al., 2023). For instance, 4—-28% of
the original TOC for land plant-based (Type lll) kerogens is considered ‘generative organic
carbon’ (sensu Jarvie, 2012), which might be converted to oil, bitumen or gas at high
maturation (Daly & Edman, 1987; Jarvie, 2014). Maturation estimates from fossil-based
proxies can be reinforced by geochemical approaches, e.g., Rock-Eval pyrolysis (Behar et
al., 2001; Suarez-Ruiz et al., 2012); however, fossil assemblages have the added benefit of
providing productivity estimates of different biomes, and supplementary insights (e.g.,

biodiversity, biostratigraphy, biogeography, etc.).
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Under even greater temperatures, kerogen continues to lose additional carbon, first via
metagenesis then by metamorphism. Extreme thermal maturation of kerogen tends to occur
in one of two primary ways. Firstly, contact metamorphism via magmatic intrusion. This
results in the thermal devolatilization of buried organic matter, releasing mineralised carbon
en masse primarily in the form of CO (Aarnes et al., 2011). Such magmatically driven
outgassing of greenhouse gas has been implicated in major biotic turnovers (Svensen et al.,
2007, 2018; Self et al., 2014). Secondly, kerogen can be decomposed in a regional
metamorphic context under the heat and pressure generated by overburden. In extreme
cases, this results in the formation of graphite and, eventually, diamond (Buseck & Bo-Jun,
1985; Buseck & Beyssac, 2014; Childress & Jacobsen, 2017; see review by Galvez et al.,
2020). Under both of these conditions of metamorphism, the utilisation of most fossil-based
maturation proxies become problematic, with the possible exception of vitrinite reflectance
(Mahlmann et al., 2012; Hartkopf-Froder et al., 2015; Mahimann & Le Bayon, 2016).
However, under extreme metamorphism (%Rmax >6—7), even the most resistant organic
microfossil assemblages become difficult to validly discern; thus, kerogens become

unsuitable for NEP estimation.

When we incorporate post-burial, thermal maturation processes into our formulation of
NEP in Egn 1, we see that it plays a role in all three of the factors contributing to a
sedimentary sample’s accumulated organic carbon (TOC; see Eqn 3): 1, import (I, as leoc);
2, export (E, as Eeoc); and 3, non-biological oxidation (Oxn,, as Oxr). As kerogens are
‘cracked’ into simpler components with increasing thermal maturation (Fig. 4), soluble
hydrocarbon byproducts—such as oil and gas—can result in net carbon import to, or export
from, a given sediment. These hydrocarbon components constitute a rock’s extractable
organic carbon (EOC). If the goal is to estimate palaeoproductivity, these hydrocarbon in-
and outputs will obfuscate the signal if, for example, we solely use total organic carbon
(TOC) as a proxy, which consists of both EOC and particulate organic carbon (POC). While

TOC cannot differentiate these complex carbon fluxes, a thorough accounting may be
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achieved by, for example, tracing the carbon provenance by their biomarker and/or stable
isotope signatures (e.g., Bechtel et al., 2008; Ankit et al., 2022), or estimating the
abundances of extractable vs kerogen from sample pyrolysis (Behar et al., 2001;

Lamoureux-Var et al., 2023).

<INSERT FIG. 4>

A terrestrial organic microfossil-based metric, on the other hand, is typically impervious to
imported post-burial hydrocarbons (leoc; see Section 1.2.4 and Table 1). This is because: 1,
the fossils are indigenous to the sediment; 2, they include only solid, structured, insoluble
remains; and 3, prior to data collection, EOC is either removed (via some combination of
dissolution or dilution with organic solvents, followed by centrifugation, settling and/or
filtration) or excluded by setting a minimum count grain size. (Note: Some post-burial
hydrocarbons are non-extractable, solid and insoluble, e.g., pyrobitumen [Mastalerz et al.,
2018, Misch et al., 2019]; however, the amorphous forms of these bitumens would contribute
to a kerogen sample’s ‘amorphous organic matter’, and thus excluded from counts of

terrestrial microfossil assemblages, which typically have identifiable structures.)

The oxidised carbon (Oxr) and exported extractable organic carbon (Eeoc) generated
from an ecosystem’s organic matter during the post-burial phase will tend to be in gas or
liquid forms; these will not be directly measurable by the organic microfossil record. Hence,
terrestrial microfossil- and OC-based proxies of NEP may be severely biased, unless the
Oxr and Eeoc are estimated and subsequently added. Fortunately, the abundances of
kerogen cracking byproducts (Oxr and Eeoc) have long been estimated for assessing
hydrocarbon source rock potential (e.g., Behar et al., 1995 Lorant & Behar, 2002;
Vandenbroucke & Largeau, 2007). Under increasing temperature, the process of organic
matter maturation causes the preferential loss of oxygen (via diagenesis) followed by
hydrogen (via catagenesis), as illustrated by the ‘van Krevelen diagram’ (Fig. 4; van
Krevelen, 1950; Vandenbroucke et al., 1993; Burnham, 2017; Rivas-Ubach et al., 2018).

While carbon is lost throughout this process, this loss occurs at a slower rate than other
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elements, thus concentrating carbon in the decomposed residues (Hedges, 1988). Since
buried (post-respiration) terrestrial organic matter consists of high proportions of C, O and H,
it has a simpler maturation path than most marine organic matter, which typically has higher
proportions of S and N (Pelet, 1983; Lorant & Behar, 2002). This results in the predictable
loss of terrestrial C with increasing maturation, which can be estimated with high precision
(Lorant & Behar, 2002; Behar et al., 2003; Burnham, 2019). For example, experimentally
matured low-grade coals lost >60% of their TOC at 500°C, principally as CO and COz (the
main contributions to Oxr), in addition to CH4 (Behar et al., 1995), the latter of which is the
main contribution to EOC (Fig. 5). Such estimates of Oxt and Eeoc might be refined further
with a combination of modern analogues and thermal maturation experiments, as outlined

below.

While great steps have been made towards the quantification of post-burial kerogen
carbon loss (Oxr and Eeoc), the relationship between thermal maturity and carbon loss is not
uniform for all organic matter types (van Krevelen, 1950; Vandenbroucke et al., 1993). For
example, charcoal-rich assemblages—Ilike those typical of hyperthermal events (Petersen &
Lindstréom, 2012; Mays & McLoughlin, 2022)—would be highly resistant to carbon loss
compared to one dominated by non-charcoalified wood (Bird et al., 2015). Constraining the
‘maturation half-life’ of each organic matter category (Fig. 4) would: 1, indicate the
proportions of organic microfossils (and associated carbon) lost in a given kerogen sample;
and 2, facilitate back-calculations of the original carbon concentrations from each of the
microfossil populations, greatly improving estimates of prehistoric NTEP. Until that point,
however, well-established carbon loss functions for each kerogen type (e.g., Daly & Edman,

1987; Jarvie, 2014), rather than precise kerogen components, could be utilized.

<INSERT FIG. 5>

2. Materials and methods
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2.1. Sample details.

To test the relationships between the three examined metrics (total organic carbon [TOC],
terrestrial organic microfossil concentrations [c;] and terrestrial organic carbon [TrOC]), a
case study was performed by collecting parallel data sets from the same samples. All new
data analysed herein are from one drill-core succession (Bonneys Plain-1; 41° 46' 27.69"S,
147° 36' 13.35"E), which was extracted from the northern Tasmania Basin, southeastern
Australia (Fig. 6). These samples derive from the upper Permian (Lopingian) to Lower
Triassic strata of the upper Parmeener Supergroup (Reid et al., 2014). These strata were
deposited in non-marine alluvial or coastal plain palaeoenvironments (Reid et al., 2014; C.R.
Fielding, pers. comm.). To test variations in size sorting, reworking and distal transport,
siliciclastic facies consisting either primarily of mudrock (i.e., silt- or clay-sized) or heterolithic

sand/silt facies were included herein.

<INSERT FIG. 6>

2.2. Total organic carbon (TOC)

For total organic carbon (TOC) analyses, 23 samples were chosen from the Bonneys Plain-1
core (see Appendix A for sample details). Samples were crushed using an agate mortar and
pestle and placed in a glass sample container. Powdered samples were reacted with 5% HCI
until all carbonate was removed and rinsed with deionized water until neutralized. Samples

were then centrifuged to remove excess water and dried at 50°C prior to isotopic analysis.

TOC was measured using a Costech Elemental Analyzer coupled to a Thermo Scientific
MAT 253 plus in the Stable Isotope and Organic Molecular Biogeochemistry laboratory,
University of Connecticut. Total organic carbon (TOC) content was determined through
measurement of an internal laboratory standard (acetanilide) over a range of masses and
carbon amounts. Typical analytical precision (expressed as standard error) is c. <1% for the

quantification of total carbon in an unknown sample, but the TOC in natural samples is highly
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variable. As a result, accurate estimates of total organic carbon in samples with low TOC
requires large sample masses, whereas high TOC samples require small masses during
measurement. Hence, precision for wt% C estimates varies from <0.02% for samples with

<0.5 wt% TOC, to close to 1% for samples with TOC of >70%.

2.3. Microfossil processing

The same 23 sediment samples from Bonneys Plain-1 that were processed for total organic
carbon (TOC) were also analysed for organic microfossils. Non-organic mineral content was
removed by digestion with hydrochloric acid followed by hydrofluoric acid. Prior to
acidification, a known quantity of exotic markers was added. The exotic markers utilised in
this study were Lycopodium clavatum spores. Tablets of these spores were introduced into
the processing prior to the acidification stage, following Price et al. (2016). Tablets were
produced by the Department of Geology, University of Lund, Sweden; details of the tablets
(including the number of tablets introduced to each sample, the means and uncertainty
estimates of Lycopodium spores per tablet and their batch numbers provided by the
manufacturer), are provided in Appendix A. No heavy-liquid separation or oxidation was
performed. The resultant sedimentary organic matter residues were sieved with a mesh size
of 250 uym. Coarser organic microfossils were removed; the remaining finer fraction were
mounted onto glass coverslips and sealed onto glass slides with epoxy. These non-oxidised
residues of sedimentary organic matter (sensu Hutton et al., 1994) are the subjects of
palynofacies analysis (sensu Combaz, 1964), and are reflective of the undissolved
particulate organic carbon (POC, sensu Schlesinger & Melack, 1981, Li et al., 2017) of a
sample’s total organic carbon (TOC). Estimating microfossil concentrations from
sedimentary organic matter (or ‘kerogen’) assemblages avoids the potential biasing effects
of sieving, oxidation and heavy liquid separation (Mertens et al., 2009; see reviews by Wood

et al.,, 1996, and Riding, 2021).
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These samples were processed at Global Geolab, Medicine Hat, Canada. Slides with
prefix ‘S’ are housed at the Department of Palaeobiology, Naturhistoriska riksmuseet (NRM),
Stockholm, Sweden; slides with prefix ‘L’ are housed at GNS Science, Lower Hutt, New

Zealand.

2.4. Microfossil counts and concentration estimates

Estimating concentrations of a target population of organic microfossils is typically performed
by comparing their estimated abundances to a known quantity of exotic spores, pollen or
other microscopic markers (e.g., Kirkland, 1967; Stockmarr, 1971; Craig, 1972). While
typically applied in palynological contexts (e.g., 1962; Mertens et al., 2009), variants of this
technique have long been utilised in fields as disparate as agriculture and field ecology (see
Mays et al., pre-print and references therein). By adding a known quantity of these markers
and measuring the original sample size (mass or volume), one can gauge the absolute
concentrations of the microfossils of interest (or ‘targets’ herein) in a sediment sample by
establishing the ratio of the fossil targets to the exotic markers (n). In this study, the targets
were: 1, the total number of organic microfossils (x); or 2, the total number of terrestrial
organic microfossils (x;), which consisted of (in order of approximately decreasing
abundance) wood (='phytoclasts’, including charcoalified wood), leaves, plant spores, pollen
and fungal remains; the abundances of fossil resins, animal-derived clasts and other
terrestrial microfossils were negligible. Only microfossil 25 pm in diameter were counted,
since specimens smaller than this could not be confidently identified and classified. To
mitigate expectation biases, all counts followed the “blind protocol” outlined by Mays &
McLoughlin (2022), whereby: slide labels were masked, then the order of slides was
randomized before conducting counts. Organic microfossil count data were collected with a

Zeiss Axioskop 2 transmitted light microscope.
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The general formula for organic microfossil concentration (c) follows Benninghoff (1962),

and terms follow Maher (1981):

x X Ny x Y,
cC=——

(5)

nxVv

where x = total target microfossil grains counted, N; = number of exotic marker tablets, Y, =
mean number of exotic markers per tablet, n = exotic markers counted, and V = total mass
of dried sediment. Concentrations of terrestrial organic microfossils (c;) were calculated with
Eqn 5, but with ¢; in place of c and x; (the counted number of terrestrial microfossils) in place
of x. Both ¢ and c; are expressed in fossils per gram of dried sediment or sedimentary rock (f
g).

To gauge the precision of the concentration estimates, concentration total error values (o)

were calculated with the formula (from Stockmarr, 1971, updated with terms defined by

Maher, 1981):

2 2
=00 () + () +() ©
where ¢ is the total standard error of the concentration estimate (in %). In this formula, sp+ is
the proportional sample standard deviation of the number of exotic markers per tablet; N; is
the number of doses (e.g., tablets) of exotic markers added to the sample; and s, is the
proportional sample standard deviation of the number of exotic markers per dose (see
Appendix A). Total error of terrestrial organic microfossil concentration (o;) for each sample

was calculated with Eqn 6 by substituting o with g; and x with x;.

Microfossil concentrations were estimated using two independent counting methods: the
‘linear method’ (sensu Mays et al., pre-print) and the ‘field-of-view subsampling method’ (or
FOVS method). The former count method has long been the standard approach for
palynological concentrations (Benninghoff, 1962; Maher, 1981; Mertens et al., 2009, Mertens

et al., 2012). It consists of a series of successive specimen counts until one or more count



809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

criteria are reached; usually, this is a predetermined number of targets (x) or, less commonly,
markers (n). In the present study, counting continued for each assemblage until both of the
following count criteria were met: 1, at least 500 of all organic microfossils; and 2, at least
five markers. In contrast, FOVS method counts are conducted by two successive data
collection phases: a series of calibration counts (in which the means and standard deviations
of targets per field of view are calculated) followed by extrapolation (or ‘full’) counts (whereby
only the markers and fields of view are counted). In this way, large numbers of extrapolated
targets (x) can be counted, and concentrations calculated by substituting x for x in Eqn 5 (for
calculation of FOVS method error, please see Appendix A). When applied to simulated and
microfossil data sets, the FOVS method has demonstrated the same concentration results
as the linear approach, but superior precision (=lower error), more accurate precision
estimates and/or lower sampling effort (Mays et al., pre-print). In the present study, the
FOVS method count criteria were: 1, 15 calibration counts; and 2, total standard errors of
<17%. In all assemblages, the target-to-marker ratio (i) was >1, meaning that targets were
always more common than markers. A paired t-test was conducted on the estimated

concentrations from each count method to test for any systematic biasing (Appendix B).

Significance tests were conducted with PAST v. 4.13 (Hammer et al., 2001). See the

Glossary for descriptions of terms, abbreviations and initialisms used in this study.

3. Results and discussion

3.1. Comparing potential NTEP proxies

Total organic carbon (TOC) is perhaps the most widely utilised proxy for palaeoproductivity
(e.g., Pedersen & Calvert, 1990; Tyson, 1995, 2005; Schoepfer et al., 2015; Shen et al.,
2015), and represents the mass of covalently bound carbon per unit of dried sediment or
sedimentary rock (Jarvie, 1991; Bisutti et al., 2004). To test the contribution of the terrestrial

organic microfossils to the TOC values, linear correlation tests were conducted; a similar
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approach has been taken for specific palynomorph groups vs TOC (e.g., Hardy & Wrenn,
2009; Reichart & Brinkhuis, 2003) or between different organic microfossil groups (e.g.,
Heimhofer et al., 2006). In this case, the abundances of coeval TOC (Appendix A) and total
terrestrial organic microfossil concentrations (c;) from the non-marine strata of Bonneys
Plain-1 yielded a strong positive correlation (Pearson’s r=0.7319, p < 0.0001; Spearman’s p
=0.6392, p = 0.001; N = 23; Fig. 7A). This is not surprising; it indicates that the primary
contributors to the TOC in these continental samples consisted of terrestrial (specifically,

land plant) remains. However, the residual variation (1 — r> = 1 — 0.464 = 46.4%) is indicative
of a substantial degree of influence from additional factors. Possible contributors to this

variability have been identified and discussed below.
<INSERT FIG. 7>
3.1.1. Measurement uncertainty

Both TOC and c; have their own inherent uncertainties that stem from imprecisions in
instrumentation and count data collection method, respectively. While standard errors of
TOC herein were quite low 0.015-0.182% wt (mean = 0.11% wt), the low TOC values of
some of the samples (e.g., 0.37% wt for S090318) were approaching the instrument
detection limits. The impact of this was the high ‘proportional error’ for some samples;
specifically, when expressed as a proportion of TOC, error was high for low TOC samples

(e.g., 35.9% for S090318, the sample with the lowest TOC).

Total standard errors (sensu Stockmarr, 1971) associated with microfossil concentrations
were largely a function of the count method used. For the linear method, c; error was 8.4—
44.8% (mean: c. 30.7%; Appendix A). This total error alone could explain a major proportion
of the discrepancy between TOC and linear method-derived c,. However, the errors
associated with the FOVS method counts were typically far lower than the linear method
counts (7.7-16.9%; mean: 13.0%). These lower errors were achieved with a non-significant

difference in concentration estimates (see Appendix B), suggesting no compromise in
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accuracy for the FOVS method. For this reason, the correlations between TOC and c;

presented here (Fig. 7) only used data collected with the FOVS method.

Implications. Improved precisions in TOC can be achieved by using large sample masses
where possible, particularly for samples with low organic carbon content, and increasing the
number of replicate analyses. Additional precision in TOC can be achieved by utilizing
carbonate mineral removal methods that minimize the loss of organic carbon (e.g., vapor
fumigation). Regardless of the choice, the method should be consistent for all compared
samples, to standardise the potential biasing effect of these methods (Note: both the
microfossil and TOC data in this study utilized the same carbonate removal method [HCI

acidification], thus enhancing the validity of comparisons between these data sets.)

Given that the data collection method for c; (and ¢) can be a major source of statistical
error, applying the most precise methods of microfossil concentrations available should be
prioritized. Specific count and preparation techniques to improve precision have been
proposed and tested (Regal & Cushing, 1979; Maher, 1981; Mertens et al., 2009; Price et
al., 2016). More recently, the FOVS method—which utilizes random subsampling of slide
surface areas—has demonstrated improved precision under almost all simulated and ‘real
world’ conditions (Mays et al., pre-print). As such, we recommend that the FOVS method be

utilized to minimize errors associated with organic microfossil concentration estimates.

3.1.2. Non-terrestrial microfossils

The concentration of terrestrial organic microfossils, c;, excludes non-terrestrial matter (e.g.,
aquatic algae) and any amorphous organic matter (AOM) not derived from plants (c;
includes one amorphous category: fossil tree resin [= amber]). A large proportion of AOM
likely derives from aquatic algae and/or bacteria (Taylor et al., 1998; Pacton et al., 2009,
2011). Most continental organic microfossil assemblages—including those examined here—

accumulated in continental aquatic conditions such as lakes, rivers and deltas where the
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contribution of non-terrestrial remains may be substantial. This is especially true during
intervals of terrestrial ecosystem stress when inputs from land plants are anomalously low
and/or aquatic primary producers are anomalously high (Vajda et al., 2020, Mays et al.,
2021). For the Tasmania Basin samples, terrestrial microfossils comprised an average of
68% of the total microfossil assemblages, but this was extremely variable (20-99%;
Appendix A). Since both TOC and microfossil data were derived from the samples, the
relative contributions of terrestrial vs non-terrestrial carbon will be similar in both data sets.
Given the substantial and/or variable amount of non-terrestrial carbon in these continental
samples (e.g., non-resin AOM, algal microfossils), TOC is, therefore, a less appropriate

proxy for terrestrial productivity than c;.

To test whether a more accurate OC-based proxy of net terrestrial ecosystem productivity
could be achieved, we used the relative abundances of terrestrial microfossils (= x,/x) and
multiplied this by a sample’s TOC to approximate the proportion of terrestrial organic carbon
(TrOC %wt; see Glossary). TrOC is akin to other proportional metrics of a sediment’s
terrestrial organic carbon—sometimes called the ‘terrestrial fraction’ (Ft)—which have
typically been derived isotopically (e.g., Newman et al., 1973; Li et al., 2016; Ghsoub et al.,
2020) or, as in the present study, palaeontologically (e.g., Wagner, 1999; Wagner et al.,
2003; Algeo et al., 2004, Algeo et al., 2007; Schnyder et al., 2017). Since it encompasses all
terrestrial fossilised organic matter, TrOC should represent a more appropriate metric of
NTEP than other fossil-based metrics of proportional terrestrial OC, like the proportional

organic carbon of fossil wood, or ‘phytoclasts’ (Wrenn & Beckman, 1981; Tyson, 1989).

We predicted that the correlation between TrOC and ¢, should be greater than that
between TOC and c; (Fig. 7). The correlation was slightly stronger between TrOC and c;
(Pearson’s r = 0.746, p <0.00005; N = 23; Fig. 7B) than between TOC and ¢, (Pearson’s r =
0.73192, p <0.0001; N = 23). This indicates that a modest improvement to an OC-based
palaeoproductivity can be achieved by estimating the proportional contribution of terrestrial

fossils in an assemblage.
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Implications. The preferential preservation of organic carbon in aquatic conditions, even on
the continents, means that metrics that can differentiate between aquatic and terrestrial
organic remains—like c¢; and TrOC—are distinctly suited as proxies of net terrestrial
ecosystem palaeoproductivity. In contrast, the use of TOC for this purpose should be limited
to continental successions, where assemblages tend to be dominated by terrestrial
microfossils and, therefore, the primary contributors to TOC will be plants. The validity of an
OC-based NTEP proxy can be improved by determining the proportions of terrestrial vs non-
terrestrial organic remains (e.g., palynofacies analysis); the metric, terrestrial organic carbon
(TrOC) described herein, demonstrates this. Despite this, only modest improvements might
be achieved for TrOC, without controlling for the other variables (e.g., instrument error, grain

sizes/densities, and the others discussed here).

3.1.3. Indigenous vs exogenous organics

Since ¢, is derived solely from fossil-based kerogen assemblages, it measures only organic
matter that is indigenous to the sample (i.e., accumulated during deposition). TOC, in
contrast, also includes extractable organic carbon (EOC, sensu Jarvie, 1991), such as oll,
gas and bitumen. Hence, TOC may comprise a mix of both indigenous organic carbon
(kerogen) and imported EOC (leoc), owing to the extensive subsurface migration that EOC
can undergo (Schowalter, 1979), even through low-porosity rocks (Slatt & O’Brien, 2011).
Hence, metrics based on microfossil assemblages (e.g., ¢; or TrOC) exclude these
exogenous sources of organic carbon, thus providing a ‘cleaner’ gauge of NTEP. Moreover,
as discussed above (see sections 1.2.4 and 3.2.3), organic microfossils might be utilized to
detect and subtract the proportion of imported particulate organic matter (Iroc) in a sample,

further refining calculations of NTEP.

Implications. Absolute microfossil abundances (e.g., concentration metrics like ¢ or c;)

circumvent the effects of leoc and Iroc to which TOC is prone. In this regard, c; is also likely
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superior to fossil-based OC metrics, like TrOC; however, the influence of exogenous OC on
TrOC is likely mitigated (compared to TOC), because large, identifiable reworked fossils

(contributors to Ipoc) can still be identified and eliminated from TrOC.

3.1.4. Carbon concentrations

NTEP is measured in carbon. While TOC is divorced from other elements, organic matter
has diverse carbon concentrations (6C, herein, 0 < §C < 1), owing to their complex
compositions of (primarily) C, O, H, plus minor amounts of other elements such as N, S and
P. (The symbol 6C was chosen to represent the ratio between C and other elemental
constituents.) The vast majority of terrestrial organic microfossils consist of plant remains, a
commonly cited carbon concentration of which is ¢. 50% wt (i.e., 6Cpiant= 0.5), but there are
substantial differences between plant groups, tissues and plant-derived compounds
(Thomas & Martin, 2012). The carbon content of the durable, palaeontologically relevant
compounds lignin, sporopollenin and cutin are c. 47-60% wt (6Ciignin = 0.47-0.6; Sarkanen &
Ludwig, 1971; Cope, 1980), c. 60—-73% wt (6Csporopolienin = 0.6—0.73; Robert, 1988) and c.
71% wt (6Ccuiin = 0.71; Goni & Hedges, 1990), respectively (see review by Tyson, 1995, table
5.1). Reasonable modern analogues can then inform the original carbon concentrations of
fossil materials. Changes in these components between samples will add to the residual

variance between c¢; and TOC (or TrOC) in a given sample.

Moreover, the concentrations of C in organic fossils are largely a factor of thermal
maturation as (O- and H-rich) volatiles are progressively expelled (van Krevelen, 1950;
Lorant & Behar, 2002). With increasing maturity, carbon concentration increases until it
approaches 100% under extreme maturation during graphitization (Mahimann & Le Bayon,
2016; Galvez et al., 2020). Hence, variations in sample thermal maturity will contribute to the

variance between c¢; and TOC (or TrOC).
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Implications. Carbon concentrations of pre-burial terrestrial biomass can be estimated from
modern analogues (e.g., plant tissues, algae, fungi). From these, maturation pathways of
individual organic matter types might be estimated (see Section 1.2.6 and Table 1), thus

reflecting more accurate contributions of each fossil population to a sample’s TOC.

3.1.5. Grain dimensions

The sizes of organic fossils might be highly variable in the residues from which ¢, are
estimated. c¢; does not discriminate between grain size, but variations in fossil sizes will
affect how representative c; is of a sample’s terrestrial organic carbon. Consider two
samples with the same c;: the one with larger fossils will have a greater TOC than the
sample with smaller mean fossil size. In the extreme case, samples of coals comprising
large fossil wood fragments would have inordinately high OC levels, but tell us very little of
NEP in a catchment area. Without quantifying a sample’s grain dimensions, ¢; may entail an

unacceptable degree of uncertainty as a gauge of net ecosystem productivity.

Moreover, two competing biases will affect how representative c; is of the ‘true’ total
terrestrial organic carbon: 1, the minimum dimensions of identifiable microfossils (biased
towards larger grains; minimum identifiable sizes in this study = 5 ym); and 2, the upper

mesh sizes (biased towards smaller grains; upper mesh size in this study = 250 um).

The first of these biases (minimum grain size) would be particularly problematic when
examining samples from marine sediments. In marine systems, the exclusion of small
microfossils would cause a major discrepancy between TOC and absolute abundances of
microfossils, since TOC tends to increase with smaller (organic or non-organic) sediment
grain sizes (Trask, 1939; Hennessee et al., 1986). In samples with small grain sizes, a large
proportion of TOC will comprise small organic matter particles that would be
underrepresented by c;. However, this relationship inverts for continental settings, where the

primary contributors to TOC are coarse fragments of plant debris (Shepard, 1956; Hedges &
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Parker, 1976; Silva et al., 2014). Hence, the lack of small microfossil representation—and
the influence of this first bias—should have a minimal effect on ¢, for samples derived from

continental environments.

The fact that large plant fragments are the primary contributions to TOC in continental
environments, however, means that the second bias (maximum grain size) likely has a more
significant effect on c;. For instance, some high TOC samples may represent assemblages
dominated by large organic fossils (e.g., coalified macroscopic wood fragments), even if the
total number of such grains is low (i.e., low c¢; but high TOC). Such large grains would not be
detected during c; data collection, except with upper sieves with very large mesh sizes or no

upper sieve (hence, no upper size limit).

Dissolved organic carbon (DOC) is generally defined by mesh size (typically, DOC is
<0.45 um, although this varies between studies; Kolka et al., 2008). Thus, if present, DOC
would be represented in the TOC but not ¢, since the latter had a minimum grain size of 5
Mm herein. Instead, c; represents only a terrestrial ecosystem’s particulate organic carbon
(POC). However, the disproportionate contribution of pre-burial DOC to TOC was likely
minimal, since pre-burial DOC is extremely labile and it seems likely that negligible amounts
of DOC accumulate in the geosphere (see Section 1.2.2). For geological samples, other
organic carbon in this size category will be derived from imported, fluid hydrocarbons (leoc);
as noted above (see Section 3.1.3), contamination from leoc should have minimal impact on

net ecosystem palaeoproductivity proxies based on microfossil concentrations.

An additional dimension that may contribute to the variance between c¢; and TOC (or
TrOC) is density. Organic microfossil density can be quite variable, with a major discrepancy
between primary aquatic and terrestrial microfossil-dominated maceral groups: alginite: c.
0.96-1.12 g/cm?® and vitrinite: c. 1.25-2.25 g/cm?, respectively (see Tyson, 1995, appendix
A). However, the variation in density is limited for the primary plant-derived terrestrial fossil
groups (e.g., inertinite and vitrinite; Robl et al., 1987, 1992; Mastalerz et al., 2012). To further

complicate this, the densities of these grains increase with maturity and/or combustion—
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primarily owing to the loss of hydrogen as a function of temperature—but at different rates

for the different fossil groups (Okiongbo et al., 2005).

Implications. The impacts of hydraulically induced sorting of grain sizes between samples
can be minimised, in large part, by targeting sedimentary samples of similar grain-size
profiles (including means and distributions). Moreover, fossil- and OC-based proxies should
come from continental palaeoenvironments, where organic carbon is disproportionately
represented by large, indigenous particulate organic matter. In a palynological context, large
upper sieve mesh sizes (or no upper sieve at all) should be preferred to ensure large fossil
fragments are accounted for. Higher fidelity estimates of buried terrestrial organic carbon
based on c¢; would be achieved by the quantification of organic fossil grain sizes, possibly

assisted by automated image analysis techniques.

Grain densities can be incorporated into fossil-based estimates of NEP by measuring the
densities of the primary grain types in an assemblage, or substituting reasonable estimates
from modern or fossil analogues. Moreover, the validity of inter-sample comparisons would
be further strengthened by targeting samples of similar burial histories, thus minimizing the

variations in grain densities caused by thermal maturation.

3.1.6. Accumulation rates and inorganic sediment dilution

Under oxic aquatic conditions, like those typical of continental deposits, organic remains are
more likely to survive if buried quickly (Stein, 1986a; Tyson, 2005). However, since both OC
and c; are measured per unit mass, the amount of inorganic clastic sediment from which a
sample is derived can severely impact these values (Tyson, 1995). This dilution effect can
be a dominant determinant of TOC and, by extension, c; in a sediment (Bustin, 1988; Ittekot,

1988; Tyson, 2005).
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If the total sedimentation rate (=bulk accumulation rate, or BAR measured in g cm kyr™")
can be estimated, this enables the calculation of the total organic carbon accumulation rate

(OCAR, in mg C cm kyr") with the following formula (updated from Schoepfer et al., 2015):

OCAR = OMAR X 6C =TOC X BAR x 1000, @)
where, OMAR is the total organic matter accumulation rate measured in mg cm kyr' and
6C is the mean carbon concentration of the organic matter in a sample (note: x1000 factor is
to account for difference in units between BAR and OCAR: g cm2 kyr' and mg cm kyr™,
respectively). If we wish to focus on the terrestrial inputs only, we can do so by substituting
TrOC or ¢, into modified versions of Eqn 7. Firstly, terrestrial organic carbon accumulation

rate (TrOCAR) can be estimated by

(xt X TOC)

TrOCAR = TrOMAR X §Cpy = X BAR x 1000, (8)

where TrOMAR is the accumulation rate of terrestrial organic matter in mg cm kyr' and
6Cr, is the mean carbon concentration of the terrestrial organic matter in a sample. Lastly,
we can utilise the concentrations of fossils (c) or, in this case, terrestrial fossils (c;) from a

sediment sample to estimate the rate of terrestrial organic fossil accumulation (TrOFAR):

TrOFAR = ¢, x BAR. (9)

Since ¢; (and c¢) are expressed in fossils (f) per gram of dried sediment or sedimentary
rock (hence: f g'), and BAR accounts for sample weights, the units for TrOFAR are in fossils
per cm? per kiloyear (f cm kyr'). Note: Eqn 9 is not directly analogous to Eqns 7 and 8
because neither fossil masses nor their dimensions are typically well constrained; however,
these might be achieved utilizing a variant of the method developed by Graz et al. (2010). In
Eqgns 7-9, sediment dilution has been estimated and mitigated; as such, net ecosystem
productivity proxies that incorporate accumulation rates (e.g., OCAR, TrOCAR, TrOFAR)
should be superior to the dimensionless values TOC, TrOC or ¢:. This can be achieved with

accurate absolute sedimentation rates.
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For many prehistoric successions, sedimentation rates can be calibrated by some
combination of precise radiogenic isotopic age controls (e.g., Burgess et al., 2014, Fielding
et al., 2021), chemostratigraphic correlation (e.g., Widmann et al., 2020), annual increment
age estimation (e.g., lake varves; Anderson & Dean, 1988), astronomical tuning (e.g., Olsen,
1986; Ruhl et al., 2016), or time-averaging over stratigraphic units (e.g., Algeo et al., 2013;

Mays et al., 2020).

When absolute estimates of sedimentation rates are unavailable, efforts can be made to
standardise sediment dilution effects, thus enabling the detection of relative (rather than
absolute) changes in organic matter/carbon burial. Fluvial floodplains, for example, can
experience large differences in interannual sedimentation rates (e.g., 2—7 mm/year in the
Netherlands; Hobo et al., 2010; 2—10 mm/year in southeastern Canada; Saint-Laurent et al.,
2010). However, time-averaging of samples (e.g., across several sediments of strata) can
substantially reduce the variability both between samples of the same site, and between
sites of the same environmental setting (Du & Walling, 2012). Samples of TOC (or TrOC)
and c (or c¢;) carried out with standardised stratigraphic thicknesses (e.g., across several

centimetres) will provide time-averaged results that should limit intersample variability.

(Note: In the present case, however, the degree of organic carbon dilution by sedimentary
lithogenic or biogenic components can be eliminated as contributing to the residual variance
between TOC [or TrOC] and c;. Both the OC-based metrics and c; are proportional values:
TOC [or TrOC] is the weight of carbon proportional to the total sediment weight [in %], while
¢; is the number of identified terrestrial microfossils proportional to the total sediment weight.
Since the OC and c; data are from the same samples, and both measures have a common
denominator [the mass of the sediment], the dilution would influence both values by the

same degree.)

Implications. For estimating valid estimates of NTEP, non-organic sediment accumulation
rates need be accounted for, owing to the impact this rate has on both OC-based NEP

proxies (Schoepfer et al., 2015) and c¢,. Without this, these proxies might still serve as a
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gauge of relative NTEP changes if comparisons are made between samples of consistent
stratigraphic thicknesses and sedimentary facies, as this will limit the variation in
sedimentation rates and durations. Lithofacies should be mud-dominated (claystone or
siltstone) to reduce variations in sediment hydraulic sorting, while compositions and
diagenetic histories should be standardised where possible to minimise variations in grain
density and post-burial cementation. We predict that further improvements to OCAR (and
analogous metrics, like TrTOCAR) will be achieved if the carbon concentrations of the
principle organic fossil types (see Section 3.1.4 above) and their proportions are measured

and accounted for (Egn 8).

Both OC-based metrics (e.g., TOC, TrOC) and fossil concentration-based metrics (e.g., c,
¢¢) hold potential for measuring net terrestrial ecosystem productivity, but both have
important biases that should be considered (Averyt & Paytan, 2004; Tyson, 2005; Schoepfer
et al., 2015). Above, we have outlined specific strategies to mitigate their shared biases:
measurement imprecision and inorganic sediment dilution. The confounding factors unique
to TOC are: 1, non-terrestrial organic matter; and 2, exogenous organic carbon. Metrics that
incorporate fossils only from the targeted ecosystem (e.g., c¢; or TrOC) circumvent this issue,
because they account for fossil provenance, and avoid specific sources (e.g., non-
terrestrial). Moreover, c; reduces the impact of exogenous organic matter, owing to its focus
on larger, particulate organic matter of terrestrial origin. In contrast, since organic
microfossils comprise a mix of non-carbon elements, c; is influenced by variations in carbon
concentration. Hence ¢; would offer a more accurate measurement of past carbon burial
when informed by modern analogues (for organic matter concentrations) and burial histories
(to account for thermogenic C loss). We recommend that applications of c; be utilised in
conjunction with (semi-)independent proxies, such as TOC (or TrOC), to converge on the

trends of deep-time net terrestrial ecosystem productivity.



NTEP

factors Considerations Recommendations Methods
Pre-burial Local vs regional Compare only assemblages with similar local (1) Terrestrial and (2) aquatic organic (micro)fossil analyses; (3)
export; ecosystems depositional conditions: e.g., in situ sedimentological analyses
sections (palaeosols/peats) vs ex situ (dispersed)
1.2.3and
3.2.2

Reconstruct the regional tectonic regime to target

similar drainage basin areas

(4) Sedimentary petrology/provenance analysis

Production and

dispersal biases

Collect dispersed assemblages only from

continental deposits

(1) Terrestrial and (2) aquatic organic (micro)fossil analyses; (3)

sedimentological analyses

Measure total terrestrial organic microfossil

assemblages rather than pollen-only assemblages

(1) Terrestrial organic (micro)fossil analyses (c;; TrOC)

Regional transport

rates (Epoc + Epoc)

Reconstruct the regional tectonics and topography

to infer export rates from analogous extant basins

(3) Sedimentogical analyses; (4) sedimentary petrology/provenance analysis;

(5) basin evolution modelling

Estimate concentrations of terrestrial microfossils

in contiguous marine basins

(1) Terrestrial organic (micro)fossil analyses (c;; TrOC); (3) sedimentological

analyses




Import (I); Terrestrial Examine continental aquatic settings (e.g., lakes, (1) Terrestrial and (2) aquatic organic (micro)fossil analyses; (3)
sections ecosystem scale rivers) to infer terrestrial ecosystems on drainage  sedimentological analyses
1.2.4 and basin-scale
3.2.3 Petrogenic organic  Determine regional tectonic and/or magmatic (4) Sedimentary petrology/provenance analysis
carbon (lpoc) conditions for basement rock composition
Quantify and subtract the proportion of recycled (1) Terrestrial organic (micro)fossil analyses (c;; TrOC); (6) palynomorph-
organic matter based maturation indices (e.g., PDI, SCI, TAI, degradation, autofluorescence);
(7) vitrinite reflectance; (8) geochemical provenance analyses (e.g., 5°C,
radiocarbon, Rock-Eval).
Fluid hydrocarbons  Analyse organic matter that is indigenous to the (1) Terrestrial organic (micro)fossil analyses (c;; TrOC)
(leoc) sediment/ary rock, exclude liquid/gas organic
matter
Target low porosity, fine-grained facies (3) Sedimentogical analyses
Pre-burial Wildfire oxidation Measure absolute abundances of charcoal to test  (9) (Micro)charcoal concentrations
non- (Oxpy) for wildfire prevalence
biological Analyse charcoal for wildfire burn temperatures; (10) Burn temperature proxies of charcoal (e.g., optical reflectance, C

degradation

(OXpre);

compare to modern analogues

concentrations, stable C isotope ratios, spectroscopy); (11) pyrogenic carbon

loss experiments



sections Estimate the abundances of molecular fossils (12) Organic geochemical techniques (e.g., gas chromatography-mass
1.2.5and (biomarkers) generated by wildfires in spectrometry)
3.2.4 sedimentary organic matter
Photodegradation Estimate incident solar radiation, and compare (13) Palaeogeographic reconstructions
(incl. photo- samples/basins of similar palaeolatitude
oxidation, Oxpn) Calculate relative photodegradation susceptibility ~ (14) Photodegradation carbon loss experiments
of terrestrial biomass components
Test for anomalies in radiation intensity (15) Fossil-based UV radiation intensity and/or canopy closure proxies
Post-burial Thermal maturation Gauge thermal maturation depth gradient of the (6) Palynomorph-based maturation indices (e.g., PDI, SCI, TAI, degradation,
non- basin to account for variable maturation across an  autofluorescence); (7) vitrinite reflectance; (16) geochemical proxies of
biological assemblage time-series maturation (e.g., hydrogen and oxygen indices)

degradation
(Oxt & EEoc);
sections
1.2.6 and

3.25

Identification of intrusive igneous bodies that may

have enhanced post-burial thermal maturation

(6) Palynomorph-based maturation indices (e.g., PDI, SCI, TAI, degradation,
autofluorescence); (7) vitrinite reflectance; (16) geochemical proxies of
maturation (e.g., hydrogen and oxygen indices); (17) regional geological

mapping and lithostratigraphy

Calculate carbon loss vs maturation functions of
individual kerogen constituents (if possible) or
kerogen types (if not possible) for back-

calculations of post-burial carbon loss

(1) Terrestrial organic (micro)fossil analyses (c;; TrOC); (5) palynomorph-
based maturation indices (e.g., PDI, SCI, TAl, degradation, autofluorescence);

(6) vitrinite reflectance; (15) geochemical proxies of maturation (e.g., hydrogen




and oxygen indices); (18) thermal maturation carbon loss experiments; (19)

carbon concentrations of extant analogues

1119 Table 1. Considerations, recommendations and suggested methods for deep-time studies of relative net terrestrial ecosystem
1120 palaeoproductivity (NTEP). The NTEP factors listed here have been updated from Pace & Lovett (2021). ¢; = concentration of terrestrial

1121  organic microfossils; PDI = Palynomorph Darkness Index; SCI = Spore Colour Index; TAl = Thermal Alteration Index.
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3.2. Microfossil-based proxies of net ecosystem productivity: considerations and

recommendations

To maximise the accuracy of microfossil-based proxies of net ecosystem productivity, such
as ¢; and TrOC, one should consider several limitations. Crucially, the proxies discussed
herein (c;, TOC or TrOC) are not capable of providing direct, absolute estimates of net
terrestrial ecosystem productivity (NTEP). However, we argue that these may be suitable for
relative NTEP changes. Above, we have outlined practical considerations when using these
metrics (see Section 3 and Table 1), specifically: measurement uncertainty, organic matter
provenance, grain sizes, carbon concentrations, and inorganic sediment dilution. Below, we
have compiled additional considerations and offer practical recommendations for each by
relating these to the components of NEP and NTEP (Eqns 1-3); specific methods are

summarised in Table 1.

3.2.1. Heterotrophic respiration

While this is not a factor of NEP (or NTEP; Eqn 1), targeting assemblages that have largely
avoided respiration by heterotrophs (e.g., animals, fungi, bacteria) may provide a clearer
signature of gross primary productivity (GPP), which may be more important for many

research questions. In such cases, we recommend targeting:

o samples with minimal evidence of bioturbation or oxidation (Li et al., 2012);

e consistent palaeoenvironmental conditions across samples, and emphasising
conditions with thin oxic zones to reduce post-depositional degradation (e.g., deep
or eutrophic lakes; Thomsen et al., 2004; Radbourne et al., 2017) and/or rapid
burial (e.g., river floodplains; Scheingross et al., 2021);

e microfossil assemblages that are resistant to decay and representative of most

biomass in typical terrestrial biomes (i.e., lignin-, sporopollenin- and/or cutin-rich
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components; Meyers et al., 1995; Prescott, 2010), from which pre-burial organic
matter abundances might be inferred; and

o fine-grained lithofacies.

With a mature proxy of NTEP, independent estimates of heterotrophic respiration (R},)
might be gleaned when combined with coeval anatomy-based rates carbon assimilation for
fossil plants. Plant anatomy-based proxies are closely linked to terrestrial net primary
productivity (NPP). Hence, the difference between these productivity estimates will likely

shed light on relative (if not absolute) heterotrophic respiration rates; i.e., R, = NPP — NEP.

3.2.2. Pre-burial organic carbon export (E)

Organic matter that has been produced in an ecosystem but subsequently exported from the
local site of production is challenging to estimate in prehistoric settings. This is particularly
challenging for allochthonous fossil assemblages, like those preserved in fluviodeltaic

floodplains or lakes. To address these, we recommend:

e comparing assemblages of the same class of depositional conditions, namely: 1,
in situ terrestrial conditions (e.g., palaeosols, peats), which might be used to
inform local NTEP and export rates with constraints by modern analogues (e.g.,
Worrall & Evans, 2008; Worrall et al., 2009); or 2, ex situ continental assemblages
of similar drainage basin areas and depositional conditions (e.g., the same basin,
or basinal region, over time) to infer relative productivity trends;

o targeting continental deposits for gauging terrestrial ecosystems within a drainage
basin (in the case of ex situ assemblages), while coeval terrestrial organic matter
assemblages in marine deposits can provide estimates of changing continental

run-off (e.g., Waterhouse, 1995);
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interpreting the regional palaeotectonic and palaeoclimatic conditions for
estimating drainage basin sizes (Blair & Aller, 2012) and constrain rates of export
from continental regions (Schliinz & Schneider, 2000; Burdige, 2007); and
utilising the total terrestrial microfossil assemblage to gauge changes across
entire ecosystems, in contrast to pollen records, which can have disparate
dispersal and production rates between species (Sugita, 2007; Theuerkauf &

Couwenberg, 2021).

3.2.3. Organic carbon import (l)

The two primary sources of imported organic matter in a continental basin are: 1, organic

matter-rich basement rock exposed and eroded upstream during the pre-burial phase

(‘petrogenic organic matter’, OMetro); and 2, the injection of fluid hydrocarbons (‘extractable

organic matter’, EOM, such as oil or gas) during the post-burial phase. To mitigate these

sources of imported organic carbon, we recommend:

determining the regional tectonic or magmatic influences on a continental basin,
from which analogous modern continental basins can constrain the expected
estimates of imported OCpetro from uplifted basement or volcanogenic rocks (Hilton
& West, 2020);

quantifying the proportions of basement-derived vs contemporaneous organic
carbon in a sediment by isotopic, geochemical or palynological analyses, thus
facilitating corrected values of indigenous organic matter by subtracting the
reworked fraction;

utilizing kerogen-based proxies (e.g., organic microfossils) over TOC, the latter of
which is prone to contamination from exogenous fluid hydrocarbons (leoc) and
recycled particulate organic carbon (lpoc); and

consistently targeting fine-grained, low-porosity lithofacies.



1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

3.2.4. Pre-burial non-biological oxidation (OXprs)

Two broad categories of pre-burial non-biological biomass oxidation have been considered
herein: 1, oxidation via wildfires (Oxpy); and 2, oxidation via photochemical processes (Oxpn).
The microfossil record, in conjunction with experiments and modern analogues, offer the
opportunity to estimate the influence of these two factors in prehistoric terrestrial

ecosystems. To this end, we suggest that:

o relative changes in fossil charcoal abundances will provide long-term trends in
wildfire prevalence (e.g., Glasspool & Scott, 2010; Mays & McLoughlin, 2022),
while fossil charcoal concentrations will indicate their absolute carbon
contributions to the atmosphere and geosphere;

¢ molecular markers of fire (e.g., polycyclic aromatic hydrocarbons, anhydrosugars,
lignin oxidation products) can be utilized for past fire abundance/intensity and may
also provide measures of the significance of fire in ecosystem processes (e.g.,
Bhattarai et al., 2019; Karp et al., 2020);

e burn temperature proxies from fossil charcoal—informed by pyrolysis experiments
on modern plants (e.g., Braadbaart & Poole, 2008; Wolf et al., 2013 )—will further
refine estimates of pyrogenic biomass oxidation;

o afirst approximation of prehistoric photodegradation can be provided by insolation
estimates, as a function of palaeolatitude;

e improvements in photodegradation estimates would be facilitated by experiments
on the primary components of terrestrial biomass (e.g., lignin, cellulose,
sporopollenin) at various radiation frequencies and intensities to measure
differential carbon losses. In principle, such experiments would facilitate back-

calculations of carbon for pre-photodegraded biomass—including degradation-
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resistant and degradation-susceptible components—from the residual fossil
record; and

o photodegradation estimates may be further constrained by fossil proxies of
radiation (e.g., UV-B absorbing compounds in plant microfossils; Rozema et al.,

2001; Jardine et al., 2016).

3.2.5. Post-burial non-biological carbon loss (Oxr and Eeoc)

Thermal degradation, or ‘kerogen cracking’, occurs via thermogenic oxidation (Oxr) and the
formation of simple, fluid hydrocarbons, which can subsequently be exported (Eeoc). This
degradation is the primary means of organic matter carbon loss to organic matter during the
post-burial phase. To control for the effects of thermal degradation on net ecosystem

productivity proxies, we propose that:

¢ valid inter-sample comparisons can be made between stratigraphic intervals of
similar maturity (e.g., short intervals within a single basin or between basins of
similar burial histories);

e accurate calculations of post-burial organic carbon loss may be achieved by
employing well-established geochemical and/or terrestrial fossil-based thermal
maturation proxies (Suarez-Ruiz et al., 2012; Hartkopf-Froder et al., 2015);

o further refinements of post-burial organic carbon losses (Oxr + Eeoc) will be
informed by maturation experiments, not only on kerogen types (Behar et al.,
1995; Lorant & Behar, 2002), but on different organic matter categories, thus
establishing their carbon loss and preservation biases with burial temperature and
(to a lesser extent) pressure; and

e an inspection for intrusive igneous bodies, in addition to signatures of anomalous
thermal maturation, will indicate potential contact metamorphism, which may have

devolatilized organic matter from the target samples (Aarnes et al., 2011).
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Even without accounting for all the above limitations, we propose that careful applications
of microfossil concentrations (c, ¢;) or fossil-based OC (e.g., TrOC) may indicate relative
changes in terrestrial palaeoproductivity. We envisage that the most common application for
the present formulations of ¢, and TrOC would be to gauge relative changes in, rather than
absolute, NTEP. In such cases, microfossil-based proxies will correlate, but not equate, to
NEP. However, this can only be achieved if the variations in extraneous variables are
minimized (or, ideally, their influences are measured and subtracted). For example, the
impacts of changing climate on NTEP through time might be estimated if the following were
largely consistent throughout a target interval: 1, sedimentary facies; 2, thermal maturity; 3,
local palaeoenvironment; 4, regional tectonic regime; 5, latitude; and 6, drainage basin size.
Constraining any or all of these would provide improvements in relative NTEP, and most
might be controlled for simply by targeting samples of similar facies from narrow stratigraphic

ranges within the same basin.

Ultimately, as our methods of estimating carbon flux at each step—from ecosystem to
burial to maturation—are continually refined, we predict that fossil-based proxies will evolve
from their present utility in identifying and quantifying relative changes in productivity to
proxies of absolute, regional C flux. Such estimates would feed directly into high-resolution

biogeochemical cycling models.

4. Conclusions

We echo the concerns expressed by Curiale & Curtis (2016) when they stated (p. 16): “...all
approaches seeking to determine [net ecosystem palaeoproductivity] ... are heavily laden
with assumptions, most of which are difficult or impossible to validate.” Indeed, the
preservation pathway of organic carbon from the ecosphere to the geosphere is long,
complex and difficult to quantify. By adapting a widely accepted function of modern net

ecosystem productivity (NEP), we have identified five primary factors that any net terrestrial
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ecosystem productivity (NTEP) proxy must address: terrestrial organic carbon (or organic
matter), carbon export, carbon import, and pre- and post-burial oxidation. Within this
framework, we discuss how terrestrial organic microfossil-based proxies (c; and TrOC) may
be suitable metrics for addressing these factors. To this end, we offer suggestions—some
readily applicable, others presently aspirational—on how sources of carbon in- and output

may be quantified and/or eliminated, and potential sources of error circumvented.

With careful application, concentrations of terrestrial organic microfossils (c;) or the fossil-
based terrestrial organic carbon (TrOC) can provide a proxy for changes in relative, if not
absolute, NTEP. Therefore, we argue that these metrics may reflect semi-quantitative, long-
and short-term fluctuations in NTEP preserved in continental deposits since at least the
emergence of large land plants during the Devonian Period. Moreover, the ability of c; to
discern primary carbon sources makes it superior to total organic carbon (TOC) for
identifying and quantifying discontinuities in regional terrestrial primary production, such as
land ecosystem disruptions and/or recovery events, or evolutionary innovations. Terrestrial
organic carbon (TrOC)—a fossil-constrained alternative to TOC—combines key aspects of
both fossil- and OC-based proxies. Lastly, we envisage that ¢, and/or TrOC may yet form the
basis for indirect measures of absolute NTEP, but only by accounting for exported organic
carbon, measurement uncertainty, inorganic sedimentation rates, recycled organic matter
and the unique carbon loss pathways of each type of terrestrial organic fossil. Such a
standardised, generalised productivity proxy would greatly enhance biogeochemical models

on regional and global scales.

Acknowledgements

We thank Vivi Vajda, Tracy Frank, Christopher Fielding & Steve McLoughlin for their thought-
provoking comments and discussions regarding the utilisation of these methods. Artwork

was produced by Victor O. Leshyk (https://victorleshyk.com), and we thank Aidan Sweeney



https://victorleshyk.com/

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

(University College Cork) for her graphical contributions. We also thank Jennifer McElwain
and William Matthaeus for their perspectives on plant productivity. We are grateful to Bas
van de Schootbrugge and Marcos Amores for sharing their palynomorph photomicrographs.
We acknowledge the assistance of L. Unwin, S. Newett (Mineral Resources Tasmania) and

M. Slodownik (University of Adelaide) for sample collection.

Data statement

All newly collected data are available in Appendix A.

Author contributions

CM: conceptualization, funding acquisition, methodology, visualization (with input from Victor
O. Leshyk), project administration and synthesis; CM & MH: data collection, curation and

analyses; CM, MH & RT: writing, reviewing and editing.

Funding sources

This project was funded by grants awarded to CM from the Science Foundation Ireland’s
Research Centre in Applied Geosciences (#13/RC/2092_P2) and Science Foundation

Ireland’s Frontiers for the Future Programme (#22/FFP-P/11448).

Glossary

List of abbreviations or initialisms used herein and their definitions; microfossil concentration
terms follow Mays et al. (pre-print), updated from Maher (1981); (palaeo)productivity terms

updated from Lovett et al. (2006).



Abbreviation |

Expansion and definition

Microfossil concentration terms

c (and o)

Total organic microfossil concentration. This is an estimate of total
organic microfossils per unit size. In this study, c is expressed as fossils
per gram of dried sediment or sedimentary rock (f g™'). For the ‘linear
method’: ¢ is calculated by Eqn 5 (following Benninghoff, 1962); ¢ is the
total standard error for c and is calculated by Eqn 6 (following Stockmarr,
1971). For calculations of ¢ and o using the FOVS method, see Mays et
al. (pre-print).

c; (and a;)

Terrestrial organic microfossil concentration. This is an estimate of
terrestrial organic microfossils per unit size. In this study, c is expressed
as fossils per gram of dried sediment or sedimentary rock (f g™). It is
calculated in the same way as c (see above), but the counted fossil
targets (x) include only microfossils of wood, leaves, plant spores, pollen,
resin and fungi. Animal remains were not included in this study, owing to
their extreme scarcity and difficulty in determining provenance (terrestrial
vs aquatic). o is the total standard error for ¢, and is calculated as for o
(see above).

x (or x;)

Number of counted organic microfossils in a sample. The specific
fossil group counted depends on the research question. For example, to
calculate c;, this value would be number of counted terrestrial microfossils
in the sample, x;.

Number of counted exotic marker grains. Most commonly, exotic
spores or pollen of a known quantity are used (e.g., Lycopodium spores).

)

Target-to-marker ratio in a sample count. ii is equivalent to the total
number of counted targets divided by the total number of counted markers

in a sample (ﬁ = g)

Number of doses (e.g., tablets or aliquots) of exotic marker grains.
For example, this is the number of tablets of Lycopodium spores
introduced during sample processing.

Mean number of exotic markers in one tablet (dose). The details of the
Lycopodium spore tablets (doses) utilised in the empirical case study were
provided by the manufacturer (Lund University, Sweden; see details in
Appendix A).

<l

Total sample size (e.g., mass, volume). For the present study, this was
measured as total mass in grams.

S1

Standard error of the exotic markers for one tablet (dose). Details of
the Lycopodium tablets utilised in this study were provided by the
manufacturer (Lund University, Sweden; see details in Appendix A).

Proportional sample standard deviation of the number of exotic
markers per dose.
(=2)
S ==
1P Y1




S3

Sample standard deviation for the target specimens. This is calculated
from the calibration counts; FOVS method only.

S3p

Proportional sample standard deviation of the number of common
specimens in the calibration counts. This includes the unbiased
estimator of the population standard deviation (S3), as calculated by Mays
et al. (pre-print); FOVS method only.

Number of fields of view counted during the calibration counts.
FOVS method only.

Number of fields of view counted during the full counts. FOVS
method only.

Mean number of targets for each field of view. This is a measure of
target density; FOVS method only.

Mean number of markers for each field of view. This is a measure of
marker density; FOVS method only.

Extrapolated number of counted target specimens for the full counts.
This is calculated by: £ = Y3, x N3. If the target specimens are terrestrial
microfossils (x;), this value would be the extrapolated number of terrestrial
microfossils in the sample (x;). FOVS method only.

(Palaeo)productivity terms

GPP

Gross primary productivity. Total amount of carbon assimilated by
primary producers though carboxylation over a given time.

TER

Total ecosystem respiration. The sum of carbon loss by all living
autotrophs (e.g., photosynthetic organisms such as plants, algae,
cyanobacteria) and heterotrophs (e.g., animals, fungi, many prokaryote
groups) in an ecosystem over a given time.

NEP

Net ecosystem productivity. Gross primary production minus total
ecosystem respiration. Two formulations are used herein.
Modern ecosystems (adapted from Lovett et al., 2006):

NEP = GPP —TER = ACyry + E + Oxyp — I

Past ecosystems:
NEP = GPP —TER =TOC + E + Oxypy, — I

Note: for modern ecosystems, NEP, GPP and TER are expressed as
rates, measured per unit time. This is impractical for most
palaeoproductivity metrics, such as TOC and fossil-based proxies (like c;),
which measure organic matter per gram of dried sediment. For this
reason, inorganic sedimentation rates should be accounted for and/or
held consistent between samples; see Section 3.1.

NTEP

Net terrestrial ecosystem productivity. The net ecosystem productivity
of a terrestrial ecosystem (see NEP).

ocC

Organic carbon. Carbon bound in organic compounds.




Organic matter. Any material composed of organic compounds derived

oM L .
from living organisms.
Petrogenic organic carbon (or matter). The amount of organic carbon
(or matter) originally of biological origin that is found within sedimentary
OCpetro and metamorphic rocks. Typically, such organic matter is in a reduced
(or OM,etro) | state, and expressed per unit weight (%wt) of dried sediment or
sedimentary rock.
Dissolved organic carbon (or matter). The fraction of organic carbon (or
DOC matter) that passes through a submicron mesh; typically, the mesh size is
(or DOM) between 0.22 and 0.7 ym (depending on the study).
Particulate organic carbon (or matter). The fraction of organic carbon
POC (or matter) that does not pass through a submicron mesh; typically, the
(or POM) mesh size is between 0.22 and 0.7 um (depending on the study).
Extractable organic carbon (or matter). The fraction of organic carbon
EOC in the form of fluid hydrocarbons (e.g., oil, gas, bitumen)
(or EOM) g T ’ '
Total organic carbon. The total amount of organic carbon, and is
calculated:
TOC =DOC + POC + EOC
TOC
For (pre)historic samples, this is measured per unit weight (%wt) of dried
sediment or sedimentary rock.
Standard error of total organic carbon. Measured per unit weight
OToC (Yowt).
Terrestrial organic carbon. The total amount of organic carbon in a
sample or region derived from terrestrial sources. In this study, the TrOC
is measured per unit weight (%wt) of dried sediment or sedimentary rock,
TrOC and estimated by:
Xt
Troc = (=) xT0C
X
Carbon concentration of organic matter. Mean carbon concentration of
the total organic matter in a sample (0 < §C < 1). Variant: §Cy,. is the
6C (or 6C7,) | mean carbon concentration of the terrestrial organic matter in a sample
(see Eqns 7 and 8).
Bulk sediment accumulation rate. Measured in grams of organic matter
BAR per square centimetre per millennium (g cm=2 kyr™).
Total organic matter accumulation rate. Measured in milligrams of
OMAR organic matter per square centimetre per millennium s (mg cm2 kyr™).
Total organic carbon accumulation rate. Measured in milligrams of
OCAR carbon per square centimetre per millennium (mg C cm kyr; see Eqn 7).
Terrestrial organic matter accumulation rate. Measured in milligrams of
TrOMAR organic matter per square centimetre per millennium (mg cm2 kyr™).
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TrOCAR

Terrestrial organic carbon accumulation rate. Measured in milligrams
of carbon per square centimetre per millennium (mg C cm2 kyr'; see Eqn
8).

TrOFAR

Terrestrial organic fossil accumulation rate. Measured in number of
fossils (f) per square centimetre per millennium (f cm2 kyr'; see Eqn 9).

E
(including
Epoc, Eroc
and EEOC)

Export (or exported organic carbon). The amount of organic carbon
exported from an ecosystem and/or sediment/ary rock. Three types of
exported organic carbon are differentiated herein, defined by their
provenance and composition. These are indicated by subscript,
specifically: exported dissolved organic carbon (Epoc), exported
particulate organic carbon (Epoc) and exported extractable organic carbon
(Eeoc). Note: this does not include organic carbon that has undergone
mineralisation and subsequently exported. For example, organic carbon
converted to COzin fire contributes instead to pyrogenically oxidised
carbon (Oxyy).

|
(including
Iroc and leoc)

Import (or imported organic carbon). The amount of organic carbon
imported into an ecosystem and/or sediment/ary rock. Two types of
imported organic carbon are differentiated herein, defined by their
provenance and composition. These are indicated by subscript,
specifically: imported particulate organic carbon (lroc) and imported
extractable organic carbon (leoc). A third type of imported organic carbon
(dissolved organic carbon, Ipoc) can constitute a major component of
organic carbon in modern ecosystems, but very little of this is preserved in
the geosphere (see Section 1.2). Given that this study focuses on deep-
time contexts, I is not considered further herein.

Non-biological oxidised organic carbon. The total amount of carbon
converted from organic carbon to oxidised forms through non-biological
processes (sensu Lovett et al., 2006). These consist of:

OXnb Oxpp = Oxpre + Oxp = (0xpy, + Oxpy) + Oxp
The components of Oxyp are expanded below.
Pre-burial non-biological oxidised organic carbon. The total amount
OXpre carbon converted from organic carbon to oxidised forms through non-
(including | biological processes on the Earth’s surface. Oxpre is the sum of pyrogenic
Oxpy and oxidised carbon (Oxpy) and photo-oxidised carbon (Oxpn):
OxPh) O.xp-re = Oxpy + Oxph
Post-burial non-biological oxidised organic carbon. Also known as
thermogenically oxidised carbon, which is created through the process of
Oxr post-burial ‘kerogen cracking’. The byproducts of this process are
primarily CO2 and CO.
Change in an ecosystem’s stored organic carbon. For (pre)historic
records where time-averaged samples preclude short-term ecosystem
AC oy storage rates of change, the TOC (measured per unit of weight of

sediment [%wt], rather than time) is utilised herein.
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Figure captions Click here to view linked References %

1 Figure captions

3 Figure 1. Schematic flowchart of prehistoric carbon pathways in a terrestrial carbon
4  sink, aregion with positive net terrestrial ecosystem productivity (NTEP). Sizes of

5 carbon pathway arrows are not to relative scale. GPP = gross primary productivity (of the
6 terrestrial ecosystem, in this case), TOC = total organic carbon, c; = concentration of fossil

7  terrestrial organic matter. Artist credit: Victor O. Leshyk (https://victorleshyk.com).

9 Figure 2. The parameters of prehistoric net terrestrial ecosystem productivity (NTEP),
10 and terrestrial organic microfossil concentration (c;) or terrestrial organic carbon
11 (TrOC) as potential proxies for NTEP. Microfossil-based proxies might be used for inferring
12  NTEP from a single catchment area; relationships between terms are expanded in Eqns 2 &
13 3. TOC = total organic carbon in a sediment; | = imported organic carbon from reworked
14  basement rock (lroc) or exogenous extractable hydrocarbons (leoc); Ox = oxidised carbon
15 from photodegradation (Oxpn), wildfire (Oxpy) and post-burial maturation (Oxr) processes; E
16 = exported organic carbon in dissolved (Epoc), particulate (Epoc) or post-burial extractable
17  (Eeoc) forms. Modern Lycopodium spores are utilised for estimating c; (concentrations of
18  microfossils per unit mass of dried sediment). Artist credit (block diagram): Victor O. Leshyk

19  (https://victorleshyk.com).

20

21  Figure 3. Indigenous vs recycled organic microfossils from the same assemblages. All
22 scales =10 ym. A, B, Discrepant taxon age ranges of pollen within a mid-Cretaceous flora,
23  Cenomanian Stage, Chatham Islands, New Zealand; A, mid-Cretaceous pollen, Alisporites
24 similis (Balme, 1957) Dettmann, 1963, sample L25487; B, pollen of probable Permian age,
25  cf. Potonieisporites methoris (Hart, 1960) Foster, 1975, sample L25460. C, D, Discrepant

26  degrees of probable soil microbe damage on laevigate trilete spores (Concavisporites-

27  Deltoidospora complex), Schandelah-1 core, Germany; reproduced with permission from


https://victorleshyk.com/
https://victorleshyk.com/
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van de Schootbrugge et al. (2020, fig. 2); C, non-biodegraded specimen, Rhaetian Stage
(Upper Triassic), sample Sch 336.80; D, biodegraded specimen, Hettangian Stage (Lower
Jurassic), sample Sch 252.00. E, F, Preservation quality likely owing to differential physical
abrasion in pollen (Protohaploxypinus sp. cf. P. samoilovichii) within an Early Triassic
assemblage, Eveleigh-1 core, eastern Australia, sample S028617 (credits: M. Amores). E,
Non-abraded specimen; F, abraded specimen, where the air sacs (sacci) have been severed

and lost.

Figure 4. Simplified van Krevelen diagram of land plant-based (Type Ill) kerogens
(modified from van Krevelen, 1950; Burnham, 2017). Diagram includes pre-burial O/C and
H/C values of some common land plant constituents (Hatcher, 1988; Benner et al., 1990;
Ollivier et al., 2022), and their preservation pathways (as a function of thermal maturation,

measured by vitrinite reflectance, Ro).

Figure 5. Experimental maturation products from coal (Type lll kerogens) with
increasing temperature. Carbon mineralization products (CO2, CO) are the primary
constituents of Oxr; methane (CHys) is the primary contributor to Eeoc from Type Il kerogens.
Divergent trajectories are largely attributable to different initial maturities and/or
compositions. All data are from confined pyrolysis (overpressurised, deoxygenated)
conditions for 24—72 hours. Morwell and Mahakam (low and medium maturity, respectively)

data from Behar et al. (1995); Brent coal (high maturity) data from Lorant & Behar (2002).

Figure 6. Geographic and geologic contexts for the Permian—Triassic organic
microfossil assemblages. A, Map of Australia. B, Geological map of the Tasmania Basin
(from Brown et al., 2021) with location of target well core succession (Bonneys Plain-1) and

approximate distributions of Permian-Triassic sedimentary strata.
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Figure 7. Relationship between terrestrial organic microfossil concentrations (c;) and
total organic carbon (TOC) or terrestrial organic carbon (TrOC). A, TOC; B, TrOC. All
samples are from Permian—Triassic non-marine strata of Bonneys Plain-1, the Tasmania
Basin, Australia (see Supp. Table 1). Error bars for TOC and TrOC values indicate standard
errors, error bars for c; values indicate total error (o;). Terrestrial organic microfossil
concentrations (c;) and total error values (o;) are derived from the FOVS method (Mays et

al., pre-print); wt = weight.
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Appendix A. Sampl organic carbon (OC, including terrestrial organic carbon, TrOC), total organi i imates (c) and terrestrial organic microfossil (ct) from the Permian-Triassic of the Tasmania Basin, Australi
Sampl Exotic marker Organic microfossils (linear method) Terrestrial organic microfossils (FOVS method)
nputs oputs outputs oputs ‘Outputs (terrestrial organic Calibration counts Full counts outputs Organic carbon (0C)
microfossils only) Inputs Outputs | Inputs. [_outputs
Sample 7: total Fiimean  Nyino.  si s x:all n: d:target- o, itotal CulN ) : bias o 4, unbiased S i n: N % o, :total o toc Ot Oc/TOC:
Depth 2P OB ) copodium Y112 pne St proportional : : larget o¢ ¢ ¢ terrestrial sy:samplesd. Nyc:Fovs CUNVPR g ean g imean 2 proportional : i ‘ a:targetto- O - TOC  TOCstandard
reg. Lithofacies sample. Lycopodium  of  sample organic Lycopodium  to-marker  standard ~ concentration | ** © /"% correction for population Lycopodiu  FOVs  extrapolated standard  concentration | mass oc(roc)
(m) batch # sample s.d. of 3 " (%) microfossils  of x, per FOV  counted X, perFOV  n per FOV sample s.d. of marker ratio standard error (% of
number mass (g spores/tablet tablets s.d. of ¥, © microfossils microfossils spores ratio  emor (grains/g) FOVs counted estimator for s, ' mspores counted x,count err (wi%) mass (wik)
v, common grains error T00)

267.59 5090305 Pale grey siltstone 225 280521291 13761 5 448 0.0326 591 204 035 3452 6 34.0 4145 103972 288 3.7358 15 0.9823 19.20 0.12 3.8030 .1981 40 322 6182 154.56 16.68 1 0.1822 18.22 0.35
270.99 5090308 Heterolithic; arey silt/fine sandstone 226 | 280521201 13761 5 448 00326 1938 22 02 278 10 22 3203 128477 188 2.0999 15 0.9823 1253 0.16 21377 0.1706 7 an1 5903 7871 1244 07 01650 2358 015
286.06 5090310 Dark grey silt/claystone; friable 220 280521291 13761 5 448 0.0326 2246 660 029 29.39 8 825 35.60 258019 667 7.6320 15 0.9823 44.47 0.15 7.7694 0.1747 49 331 14718 300.38 15.05 105 0.1314 1251 0.31
287.28 5090311 Heterolithic; grey silt/fine sandstone 18.4 280521291 13761 5 448 0.0326 547 260 0.48 47.53 6 433 4132 162041 275 3.9924 15 0.9823 1833 0.42 4.0643 0.2217 93 220 4033 43.37 11.93 0.65 0.1294 19.90 0.31
290.31 5090312 Grey siltstone 18.1 50220211 18407 5 592 0.0322 1652 556 0.34 3366 9 61.8 33.63 314128 502 6.4239 15 0.9823 33.47 0.26 6.5396 0.1954 92 350 1713 127.32 11.67 0.95 0.0611 6.43 0.32
292.46 5090313 Dark grey siltstone 22.7 280521291 13761 5 448 0.0326 2268 1053 046 46.43 12 87.8 29.07 265975 427 46425 15 0.9823 28.47 0.27 4.7260 0.1660 87 325 9252 106.34 11.64 1 0.0704 7.04 0.46
294.02 5090314 Silt/fine sandstone; micaceous 19.1 280521291 13761 5 448 0.0326 1789 874 0.49 4885 9 97.1 33.54 349829 470 5.2463 15 0.9823 3133 0.24 5.3408 0.1704 101 422 13223 130.92 10.98 0.85 0.1279 15.05 0.42
295.61 5090315 Dark grey siltstone 20.0 50220211 18407 5 592 0.0322 4028 825 0.20 2048 9 91.7 3355 421827 141 1.9928 15 0.9823 9.40 0.11 2.0287 0.2158 68 632 5941 87.36 13.42 12 0.1201 10.01 0.25
300.64 5090316 Heterolithic; organic-rich silt/fine sandstone 21.0 280521291 13761 5 448 0.0326 1598 469 029 2935 8 58.6 35.69 192081 281 5.0634 15 0.9823 18.73 0.18 5.1546 0.2752 52 286 5358 103.03 15.65 19 0.1235 6.50 0.56
300.88 5090317 Dark grey siltstone 204 280521291 13761 5 448 0.0326 3671 1941 053 5287 9 215.7 3344 727399 390 7.9373 15 0.9823 26.00 017 8.0801 0.3108 47 278 7228 153.79 16.71 14 0.1103 7.88 0.74
301.18 5090318 Dark grey siltstone 15.2 280521291 13761 5 448 0.0326 792 665 0.84 83.96 6 1108 41.03 501703 320 3.1091 15 0.9823 2133 0.20 3.1651 0.1484 62 309 6592 106.32 13.34 0.37 0.1327 35.87 0.31
301.36 5090319 Laminated grey siltstone 21.0 280521291 13761 5 448 0.0326 1661 1425 0.86 8579 109 13.1 10.04 42834 466 3.5950 15 0.9823 31.07 218 3.6597 0.1178 166 76 2361 14.22 8.46 0.6 0.1464 24.39 0.51
301.56 5090320 Grey siltstone 21.6 280521291 13761 5 448 0.0326 1123 947 0.84 8433 172 55 8.42 17538 506 6.8292 15 0.9823 33.73 4.26 6.9521 0.2061 345 81 2732 7.92 771 05 0.0149 2.98 0.42
301.81 5090321 Heterolithic; rippled silt/sandstone laminac 222 | 280521201 13761 5 448 00326 1533 1515 099 9883 15 1010 2599 313032 m 28502 15 0.9823 1813 032 2.9015 0.1600 75 234 4203 56.58 1235 125 00973 7.78 124
301.91 5090322 Grey silt/v-fine sandstone 16.0 280521291 13761 5 448 0.0326 611 549 0.90 89.85 54 10.2 14.34 13720 486 10.1052 15 0.9823 32.40 3.26 10.2871 0.3175 528 162 5249 9.94 9.39 749 144 0.1256 8.72 129
301.98 5090323 Dark grey silt/fine sandstone 19.8 280521291 13761 5 448 0.0326 4673 4418 095 94.54 9 490.9 33.40 1705839 669 8.0339 15 0.9823 44.60 0.11 8.1785 0.1834 40 348 15521 388.02 16.57 1348370 23 0.1362 5.92 217
302.51 5090324 Heterolithic; grey silt/fine sandstone 22.8 280521291 13761 5 448 0.0326 2247 2182 097 97.11 9 2424 3343 316+ 1005 10.1207 15 0.9823 67.00 0.16 10.3029 0.1538 58 362 24254 418.17 13.79 1261945 19 0.1019 5.36 185
302.64 5090325 Dark grey silt/fine sandstone 20.1 280521291 13761 5 448 0.0326 2255 2169 096 96.19 12 180.8 28.98 618732 914 9.9338 15 0.9823 60.93 0.15 10.1127 0.1660 82 553 33696 410.93 11.93 1406663 2.25 0.1144 5.09 216
302.83 5090326 Heterolithic; silt/sandstone, with cross-laminae 24.0 280521291 13761 5 448 0.0326 3666 3625 0.99 98.88 9 402.8 3341 1154714 577 6.9165 15 0.9823 38.47 0.11 7.0410 0.1830 47 445 17118 364.21 15.40 1044132 185 0.1072 5.79 183
303.52 5090327 Heterolithic; dark grey silt/fine sandstone 202 | 280521201 13761 5 448 00326 2892 2807 097 97.06 5 s6L4 4478 1912234 664 8.9958 15 0.9823 44.27 0.08 9.1577 0.2069 39 519 22074 589.09 1694 2006542 16 01012 632 155
305.79 5090328 Heterolithic; dark grey silt/sandstone laminae 204 | 280521201 13761 5 448 00326 4927 479 097 97.34 5 5329 3340 179735 77 7.239 15 0.9823 45.13 0.08 7.3698 0.1633 4 546 24643 56006 1572 1888979 | 235 00735 313 229
305.95 5090329 Heterolithic; dark grey sit/fine sandstone; micaceous 161 | 280521291 13761 5 448 00326 1053 %8 092 9193 61 21 196993 389 4.2840 15 0.9823 25.93 030 43611 0.1682 % 323 8376 87.25 1119 372893 102 00955 936 0.94
306.07 5090330 _Fine/medium sandstone, with plant debris; micaceous 173 280521291 13761 5 448 0.0326 546 507 0.93 92.86 39.0 28.13 155110 574 7.8873 15 0.9823 38.27 0.91 8.0293 0.2098 221 244 9337 42.25 8.76 168032 0.38 0.0446 1174 0.35

Mean 2100 1471 68.4 154.4 30.73 526746 485 6.0290 109 341 11333 188.7 12.95 642708 124 0.11 11.29 0.90

Linear method concentrations follow Benninghoff (1962), linear method total errors are derived from Stockmarr (1971); field:

(FOVS) method

and total errors from Mays et al. in review). FOV = field of view; wt% = percent by weight, reg. = registration (samples registered at the Swedish Museum of Natural History); terrestrial OC mass (TrOC wt%) is the

includes embedded formulae, where relevant. Parameters and formulae for both concentration methods (linear and FOVS) are provided by Mays et al. (in review). For description of terms used, see Glossary.

mass of terrestrial p:

matter in the assemblage; s.d. = standard deviation. Excel version of this data table
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Supplementary Figure 1. Relationship between the two microfossil concentration count
methods used in this study: the linear method and the field-of-view subsampling (FOVS)
method. This indicates that both methods yielded similar terrestrial organic microfossil
concentrations (c;), as indicated by the non-significant difference in paired t-test (p > 0.05).
However, the FOVS method consistently yielded greater precisions (= smaller error ranges). All
samples are from Permian-Triassic non-marine strata of Bonneys Plain-1, the Tasmania Basin,
Australia (see Appendix A). c¢; are estimated using calculations by Benninghoff (1962; linear
method) and Mays et al. (in review; FOVS method). Error bars represent the total error values
(o¢), using calculations by Stockmarr (1971; linear method) and Mays et al. (in review; FOVS

method). Note: both x- and y-axes are logarithmically scaled.
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