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Abstract

Basin models can simulate geological, geochemical and geophysical processes and
potentially also the deep biosphere, starting from a burial curve, assuming a thermal history
and utilising other experimentally obtained data. Here we apply basin modelling techniques
to model cell abundances within the deep coalbed biosphere off Shimokita Peninsula, Japan,
drilled during Integrated Ocean Drilling Program (IODP) Expedition 337. Two approaches
were used to simulate the deep coalbed biosphere: 1) In the first approach, the deep biosphere
was modelled using a material balance approach that treats the deep biosphere as a carbon
reservoir, in which fluxes are governed by temperature-controlled metabolic processes that
retain carbon via cell-growth and cell-repair and pass it back via cell-damaging reactions. 2)
In the second approach, the deep biosphere was modelled as a microbial community with a
temperature-controlled growth ratio and carrying capacity (a limit on the size of the deep
biosphere) modulated by diagenetic-processes. In all cases, the biosphere in the coalbeds and
adjacent habitat are best modelled as a carbon-limited community undergoing starvation
because labile sedimentary organic matter is no longer present and petroleum generation is
yet to occur. This state of starvation was represented by the conversion of organic carbon to
authigenic carbonate and the formation of kerogen. The potential for the biosphere to be
stimulated by the generation of carbon-dioxide from the coal during its transition from brown
to sub-bituminous coal was evaluated and a net thickness of 20 meters of lignite was found
sufficient to support an order of magnitude greater number of cells within a low-TOC horizon.
By comparison, the stimulation of microbial populations in a coalbed or high-TOC horizon
would be harder to detect because the increase in population size would be proportionally

very small.

Introduction

Sedimentary basins are increasingly recognised as microbial habitats spanning long periods
of geological time during which individual communities develop that are unique to a
formation, or even a lithological component of that formation (Omar, 2003; Breuker et al.,
2011; Inagaki et al., 2003; Nunoura et al., 2009; Hoshino et al., 2011). One such example is
the Shimokita coalbeds from NE Japan (Figure 1; Inagaki et al., 2015) drilled down to ~2.5
km below the ocean floor during IODP Expedition 337- Deep Coalbed Biosphere off
Shimokita. The coalbeds encountered at IODP-337 Site C0020 are overlain by diatomaceous
marine sediments in which there is a high abundance of microbial cells (10’- 10° cells.cm™)
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suggesting, an active deep biosphere. However, the coalbeds are separated from the overlying
marine sediments by sedimentary formations with very low cell-abundances (< 10° cells.cm™
%) effectively making the coalbed an oasis of microbial life. The microbial community has a
number of genetic markers that link the coalbed microbiome to an estuarine depositional
environment, e.g. the environment in which the coalbeds were originally deposited (Inagaki
et al., 2015; Gross et al., 2015). Thus, the implication is that most microbes within the
coalbed originated from the formation’s depositional environment and have adapted to a new
life-habit that proceeds slowly over long geological durations (Inagaki et al., 2003; 2015; Liu
et al., 2017; Trembath-Reichert et al., 2017).

Microbial communities within sediments have been accepted to specialise or adapt to
changing substrate availability with increasing depth and in situ temperature (Emerson et al.,
1980; Iversen and Jagrgensen, 1985; Horsfield et al., 2006). The Shimokita coalbeds offer
another perspective and suggest that over geological time burial within a basin causes
microbial communities within a sedimentary horizon to develop as distinct formation-
bounded microbiomes that are ultimately the product of long acting and in many cases far-
field geological processes. Therefore, aside from a selection based on substrate availability, a

microbiome within a formation will also reflect such things as diagenetic and tectonic history.

Modelling microbiomes within sedimentary formations over geological time thus requires a
basin model that can convert processes initiating and deriving from subsidence and
diagenesis (Mckenzie, 1978; Waples, 1994) into input that can simulate the deep biosphere.
To formulate such models, it is necessary to consider what processes are most important for
the deep biosphere within sediments and sedimentary rocks, and therefore what might

realistically be the minimum needed to account for a population over deep geological time.

Sediment-hosted deep biosphere

Previous work seeking to understand the biosphere present within sediments has initiated its
investigation from shallow to deep locations (e.g., marine sediments and oil fields). Within
marine sediments (Morita & ZoBell 1955), the deep biosphere has been shown to persist with
depth and burial (Parkes et al., 1994, 2000), logarithmically declining in a manner that
permits the prediction of its size in deeper horizons by extrapolation from the seafloor.
Within the first few meters, microbial populations undergo a selection as the availability of

substrates and other factors change (Amend and Shock, 2001), and in this process a
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subsurface biosphere is passed into the deep biosphere and potentially deep geological time.
In addition to geochemical changes, there are also physical parameters that change with depth
such as temperature, porosity and pressure etc. and all of these at an empirical level can be
shown to be limiting factors (Parkes et al., 2000). In the case of Site C0020 explored during
Expedition 337, petrophysical characteristics have been notably associated with instances of
high and low microbial activity (Tanikawa et al., 2018).

Cell concentrations at depth can be extrapolated from cell concentrations in overlying
sediment, providing that there is geological continuity between the two points. This
procedure has been used to provide estimates of the deep biosphere’s population size
(Kallmeyer et al., 2012; Hinrichs and Inagaki, 2012; McMahon and Parnell, 2014;
Magnabosco et al., 2018; Hoshino and Inagaki 2019). This perspective originates from
studies of Pacific Ocean sediments (Parkes et al., 1994), for which many assumptions about
continuity in sedimentation are reasonable. However, ocean sedimentary basins (basins in
which the basement comprises oceanic crust) differ substantially to sedimentary basins in
continental crust in many respects; basins within oceanic crust are typically younger, do not
have as thick a sedimentary fill as basins within continental crust, and in many cases,
sedimentation is relatively continuous over long periods (Hay et al., 1998). This is not the
case for sedimentary basins overlying continental crust where basins may be much older,
subsidence has occurred in multiple phases, sedimentary cover is thick and deposition is often
interrupted by uplift and subsidence (McKenzie, 1978). Thus, on long geological time scales,
for many sedimentary basins extrapolation across formation boundaries is harder to justify
(Meister 2015).

Sedimentary Rock-Hosted Deeper Biospheres

When petroleum is degraded by microbes at the earth’s surface it becomes enriched in
asphaltic components (Connan 1984). The inference can thus be drawn that where asphaltic
heavy petroleum occurs in subsurface petroleum reservoirs, microbial communities have
been active (Head et al., 2003). A potential temperature limit (60-90 °C) is observed for the
subsurface occurrence of petroleum that closely corresponds to the pasteurisation temperature
of microbes (Bernard and Connan, 1992), generating the idea that oils present in reservoirs
beneath this temperature are more likely to be degraded because their microbial communities
have not been pasteurised. Within petroleum reservoirs a number of factors have been
suggested to limit the deep biosphere including salinity and the diffusion of aqueous
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chemical-substrates (Head et al., 2003), the resupply of fresher oil depending on the situation
(Horstad and Larter, 1997; Horsfield et al., 2006) and crucially from a basin analysis
perspective also burial history (Wilhelms et al., 2001). The recognition of burial history, as
opposed to thermal history, is important because of the implied importance of a sequence of
geological events (e.g. a cause and effect) as apposed combinations of time and temperature
(Waples 1980). This latter aspect is important because combinations of time and temperature,
when applied in any sequence, achieve nearly the same eventual level of thermal maturation

(Sweeney and Burnham 1990), which is not the case for sterilising processes.

Geological Controls and Kill Mechanisms

From current literature, lists can be drawn up of sedimentological and geological factors that
control the deep biosphere (Parkes et al., 2000), in addition to lists of biological processes
(Lever et al 2015). However, the two lists are not linked together by a common modelling
approach. This puts studies of the deep biosphere in a similar situation to early studies of
mass extinctions, where for example, geological events that may cause or trigger mass
extinctions are known, but the mechanism by which this might happen (the kill mechanism)
is not specified (Knoll et al., 2007). Because basin models express far-field geological events
(e.g. rifting and subsidence) in the form of diagenetic processes (burial metamorphism and
compaction) and return physical parameters, they have the potential to link specific
sedimentological factors and geological events to specific biological processes that may serve
as kill mechanisms in the deep biosphere. We take a kill mechanism, in the context of the
deep biosphere, to be a combination of geological, geochemical and biochemical processes
that act in combination to reduce cell abundance.

Measures of the deep biosphere

The main quantitative measure of the sediment-hosted deep biosphere is the number of
microbial cells determined per unit volume of sediment (Weinbauer et al., 1998, Parkes et al.,
2000; Morono et al., 2009). In this approach the number of cells with DNA stainable by a
fluorescent nucleidnucleic acid stain (such as SYBR Green I) within a known volume of
sediment are counted. Cell separation and enumeration procedures (Kallmeyer et al., 2008;
Morono et al., 2009) in addition to careful cleaning and contamination monitoring (House et
al., 2003) are used to increase sensitivity, and also for quality control purposes. If cellular

carbon content is known or can be assumed (Romanova and Sazhin, 2010; Braun et al, 2016)
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then the microbial population can be expressed as grams of carbon per cubic centimetre of
sediment (Kallmeyer et al. 2012).

The deeper petroleum-reservoir hosted biosphere has mainly been measured or quantified by
its metabolic products, or by the recalcitrant fraction of petroleum that is undegraded (Peters
et al., 2005). However, in many cases, multiple phases of petroleum charging make its
measurement by this approach complicated (Horstad and Larter, 1997). However, some
metabolic products can be highly specific (Volkman et al., 1983; Jones et al., 2008; Bennett
et al., 2007) and in certain cases, where the effects of multiple periods of oil-charging can be
compensated for, it has proven possible to model the formation of these products as a
temperature-dependent process (Lamorde et al., 2015). As petroleum components are
hydrocarbon compounds, their abundance can be expressed as a unit of carbon, permitting
rates of turn-over to be calculated (Larter et al., 2003). The sediment-hosted biosphere can
also be measured or quantified in similar terms of a rate or turnover (Colwell et al., 2008;
Langerhuus et al., 2012; Beulig et al., 2018) and in this case, the unit of measurement would
be grams of carbon per unit time. In the following sections, results are expressed as cell
abundances, primarily because this provides access to the largest available dataset for model

evaluation, but computation is performed in masses of carbon per unit volume of sediment.

Purpose and Scope

Here are presented two models of the Shimokita coalbed deep biosphere. Both models
comprise basin models, but differ in the way in which deep biosphere is modelled. In one
model, the deep biosphere is represented as a pool of organic carbon with fluxes in and out
driven by metabolic processes that are co-existent with geochemical processes. In the other
model, the deep biosphere is considered a population with a temperature dependent growth
rate, and carrying capacity limited by geological factors. Finally the capability of basin
models to simulate diagenetic processes such as the early-stage generation of carbon dioxide
from kerogen is utilized. In this case we calculate how much carbon dioxide might be
released during the transition from lignite to sub-bituminous coal, and the potential this
process has to stimulate autotrophic methanogenesis within the coalbeds. In this instance we
take methanogenesis and carbon dioxide generation within the Shimokita Coalbeds (Inagaki
et al., 2015) as one of a number of coupled metabolic and geochemical process that might be

suited to simulation by basin modelling.
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Geology and Basin Model

Assumptions and Workflow

Basin modelling was performed within Petromod 2015 and 2016. Using data exported from a
basin model, models of the biosphere were computed as finite difference models within R.
This workflow is summarised in Figure 2 and the formulation of deep-biosphere models is
explained later. In all cases it was assumed that carbon (including that within microbial cells),
along with other mass were not transferred across Unit-boundaries, an assumption that fits

observed fluid-anomalies within mud gases and porewater (Inagaki et al., 2013, 2015).

Modelled Units

The following lithological description is summarised from Inagaki et al., (2013). Site C0020
is located near to the Shimokita Peninsula, Japan, (1180 m water depth) in a forearc basin
formed by the subduction of the Pacific plate under the Okhotsk plate (Figure 1). The total
subsurface depth modelled is 2500 m and the total depth of the hole is 2466 m subsurface or
3646 meters subsea. Here the formations previously described (Inagaki et al., 2013; Gross et
al., 2015) are regrouped into Units for basin modelling purposes, which are described from
oldest to youngest (Table 1 and Figure 3). From 2466 to 1000 mbsf the succession comprises
sedimentary units deposited in near shore, estuarine or deltaic settings and comprises
mudstones, siltstones, sandstones and coal beds. Within the oldest and deepest sections coal
horizons are sparse, and based on pollen flora indicate a late Oligocene age (Depositional
Unit I), coalbeds, are also present in Unit I. Coal-bearing horizons are more common above
this interval and these coalbeds have a middle Miocene age (Depositional Unit I1). A higher
proportion of coalbeds within Unit 11 has several implications from a modelling perspective,
here picked up upon only slightly, that include such things as mechanical and physical
properties; e.g. vertical permeability via the formation of cleats, thermal conductivity, a
higher compressibility (Tanikawa et al., 2016). Muddier units, interbedded with occasional
sandstones, overly the coal seams and these contain plant macrophytes (Depositional Unit I11).
The top of interval of the Miocene estuarine facies is siltier and contains fragments of coal
(Depositional Unit 1V). From the 1000 to 0 m the section comprises poorly consolidated and
weakly lithified marine mud, with a base that contains occasional silt and sand. The marine
mudstone in Unit V effectively records a marine transgression and the onset of subsidence to
present day water depths. The marine mudstone and mud are split into an upper and lower
section (Depositional Unit V and Unit OB), to allow for an overburden unit for which data

was not as extensively gathered. The lithological composition of each unit is tabulated in
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Table 1 along with other geochemical characteristics. A burial history and a lithology column
for Site C0020 is shown in Figure 3 and the physical properties used presented in Table 2.

Far Field Aspects; Tectonics, Heat Flow and Other Boundary Conditions

According to Honda (1985) present day heat flow is about 20 to 50 mW.m™ near to the trench and
rises to more than 120 mW.m at the volcanic front. The present heat flow at the Japanese Sea to the
west is about 92 mW.m2 This present-day heat flow at C0020 was determined by Tanikawa et al

(2016) to be 30 mW.m™, based on Horner-corrected bottom hole temperatures.

The location of Site C0020 relative to these zones of distinctive heat flow has changed over
time as the volcanic front backstepped slightly during a period of slab retreat concurrent with
the opening of the Japan Sea from 30 Ma to 15 Ma, before returning to its cooler present-day
situation (Jolivet et al., 1994 citing Ohguchi et al, 1989). This tectonic change was reflected
in the basin model by allowing Site C0020 to cool from 15 Ma onwards to its present day
heat flow (representing the westward movement of the loci of volcanic activity). The very
high levels of heat flow and the corresponding changes in coal rank seen in Northern Japan
(Honda 1985) are not evidenced at Site C0020, and to yield models that could match thermal
maturity calibration data (described later), it was found necessary to keep heat flow in the 30-
20 Ma period to less than 60 mW.m™.

Sea level was taken to have changed from a stormbase maximum depth of 60 m during the
deposition of the estuarine facies to the present-day value of 1180 m. Sediment seawater
interface temperatures were obtained using assumptions based on palaeolatitude (Hantschel
and Kauerauf, 2009). In the case of Site C0020, sediment water interface temperatures mainly
vary as a function of water depth, rather than latitude, and there is change in sediment water
interface temperature of 20 °C to 5 °C that initiates in the mid-Miocene.

Temperature and Thermal maturity

The highest, Horner-corrected, bottom hole temperature is 63 °C and this along with other
indicators demonstrates that the modelled interval is thermally immature with respect to
petroleum generation (Inagaki et al., 2015). The methane present is depleted with a §*3C of -
65 %o and contains a low proportion of larger hydrocarbons (C1/C2 hydrocarbon gases >
100). The vitrinite reflectance values are also low, generally less than 0.4 % (Inagaki et al.,

2013), and organic maccerals within the younger Miocene coalbeds contain huminite,
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indicating that vitrinite formation is not complete (Gross et al., 2015). Tmax values indicate
pre-oil window if not pre-vitrinite reflectance values in most units (Table 1), and pre-oil
window biomarkers such as sterenes and hopenes are dominant confirming that this is the
case for most of the interval, with the onset of hopane-isomerisation (percentage of Cs,
14a,17p(H) 22 S hopane) beginning to be measureable at a depth of ~3000 meters subsea
(Figure 3). While superficially this makes the Shimokita coalbeds appear intermediate
between the “deep” and “deeper” biosphere models described earlier, on the other hand it
completely changes the availability of organic substrates. This is because the most labile
sedimentary organic matter has been remineralised (Westrich and Berner, 1984), leaving
behind refractory organic matter and discrete organic molecules resembling the pre-oil
window type of biomarker that contain either functional groups or points of unsaturation that
permit the binding of organic molecules into kerogen (Kohnen et al., 1991). Thus kerogen
within Units I-1V is not a potential source of lower molecular weight substrates, instead lower
molecular weight substrates are bound into kerogen or oxidised and their carbon sequestered
in carbonate. These aspects may thus be important and were incorporated into models of the

biosphere described later.

Calibration using thermal maturity parameters for organic matter within the Miocene
coalbeds is complicated — vitrinite reflectance, in this case, is of limited use as the formation
of vitrinite is not complete and thus the parameter varies little (Figure 3). For Units | and |1
(Miocene and younger) the % 22S Cs, hopane parameter was used (Sajgé and Lefler, 1986).
This inflects measurably at the base of the hole when measured in core-samples of coal or
shale (Figure 3d), although in the shallower units, where drill-cuttings form the main type of
sample, the parameter would not be predicted to vary and the observed variation is due to
reworked organic matter (re-sedimented dinocysts were observed; Inagaki et al., 2013). Here
a constant heat flow model (a model in which the heat flow is set at an average but constant
value that still reasonably predicts present day heat flow and thermal maturation shown in
Figure 3b), under predicts thermal maturation as it does not take account of hotter

temperatures in the geological past (Figure 3d).

In Unit 111 and IV a model of the Raman R1 parameter was used (Muirhead et al., 2012). This
parameter is heating rate dependent and is only applicable to very low levels of thermal
maturation, or heating over geologically short durations. At metamorphic levels of thermal

alteration, a simply measured R1 parameter (e.g. obtained by fitting curves to represent the G
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and D peaks), decreases with increasing thermal alteration (Wopenka and Pasteris 1993).
However, for high heating rates (Zhou et al., 2014) or pre-oil window thermal alteration
(Muirhead et al., 2012), the parameter rises before falling. The value is over-predicted by a
constant heat flow model for Units Il and IV, which were deposited subsequent to the onset

of cooling and subsidence in the Pliocene (Figure 3).

Biosphere Modelling

Material Balance Model

A schematic representation of a material balance model of the deep biosphere is shown in
Figure 2b and a list of terms is provided in Table 3. The model comprises a box for carbon
that is metabolically active and part of a cell within the deep biosphere and a box for the total
organic carbon present in sediment, but that is not within the deep biosphere. This is
effectively a reconceptualisation of the “carbon-sink’ biospheres described by Lipp et al.
(2008) and Kallmeyer et al. (2012), and the Price and Sowers (2004) concept of a subsurface
biosphere controlled by fundamental metabolic processes. The total carbon within the
sediment is then subdivided into four further fractions; 1) carbon bioavailable as dissolved
organic carbon (DOC), 2) organic carbon that is not bioavailable but neither is it bound
within kerogen and later referred to as Ocy, 3) carbon bound within kerogen, and 4) carbon
removed from bio-availability by its sequestration as carbonate mineral phases. Growth or
cell-maintenance incorporates organic carbon from the pool of total organic carbon (TOC)
within sediments, but only via the fraction of dissolved organic carbon, whereas cell-
damaging reactions remove organic carbon from cells living in the deep biosphere. This
model is clearly not physiologically representative of a cell because it is too simple, and nor
is it a model of a community described later, but rather an approximation of Earth or
geological systems where biogeochemical reactions play a key mediating role. The main
difference between the material balance and population models described later is that the
potential limits of the size of the deep biosphere is not explicitly specified in the material

balance model.

Changes in the amount of organic matter in the deep biosphere within the simple system

shown in Figure 2b can be formulated with the following finite difference calculation:
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Ni=Ng+ Ng - Ny
Equation 1

Where N;j and N, are the mass of organic carbon within the deep biosphere at two points in
time, Ny is mass of organic carbon transferred to the biosphere by biological processes and N
is the loss of organic carbon from the deep biosphere as a consequence of damaging reactions.
The units of measurement for all of these variables is gC.cm™ of sedimentary rock or

sediment.

The loss of organic carbon from the deep biosphere by a single process (Ng) is represented by

the following:

Ng = Fgam X [T X Kgam X t] X Ng
Equation 2

Where t is the duration, in a finite difference model this will be the length of a time step, Kqam
the temperature dependent rate for a cell-damaging, biomolecule-damaging or biomolecule-
altering process, and T the temperature at which the reaction takes place, for a finite
difference model this will be the temperature at the mid-point of a single timestep.
Temperature in this case refers to palaeotemperature over geological time and is obtained
from a basin model, with only the present-day temperature being a direct measurement. To
create an empirical model that fits observations any number of processes can be aggregated,
and their effects weighted via Fqam, @ weighting factor. For the models presented later
depurination and racemisation (two protein damaging reactions) were considered (Price and
Sowers 2004; Lever et al. 2015); although clearly a far broader spectrum of processes would

ideally be included.

The flux of organic carbon into the deep biosphere (Ng) is formulated as follows:

Ng = Frep X [T X Krep X t] X [Dac % Ocr]
Equation 3
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Where T and t represent temperature and time as described above for equation 2 and Krep is a
temperature dependent biological process and Fep its weighting factor; in this case the
median rates of repair and growth given for methanogens presented in Price and Sowers
(2004). Ocy is the carbon not bound in kerogen or sequestered in carbonate, only a fraction of
which (Dqc) is available to the deep biosphere (labelled 2) in Figure 2b). O, is high early
during early diagenesis but will decline as sediment is turned into sedimentary rock and
lithifies. The D,c and Oc;, relationship is one of several relationships which were obtained
empirically, and these are described later (Equation 8). Oc, and Ng have the units gC.cm™ and

Frep and Dac are factors without units.

During the early stages of burial sediment contains high proportions of labile organic carbon
and at this stage the O¢, parameter will be high (Westrich and Berner 1984). But this
situation does not exist indefinitely as initially labile organic carbon becomes refractory (and
is no longer bioavailable) and a sediment is converted to sedimentary rock. This process is
captured in Equation 4 which determines Oc, as function of TOC, density and porosity
(describing the conversion of a sediment to rock) and the loss of carbon to early stage

diagenetic processes.

Ocr = TOC/100 % ¢/100 % p X Cjoss
Equation 4

TOC is the total organic carbon content of a formation and obtained by measurement; ¢ its
porosity and p the density. (TOC and porosity are here divided by 100 to convert from
percentages, density has the units g.cm™.) The present day values of porosity and density are
obtained by measurement, but it is necessary to know porosity and density at specific points
in geological time. Therefore their past-values are obtained from a basin model, in this case
using Athy’s law (Athy, 1930), with only the present-day value being a direct measurement,
and this itself is an average value representing a formation rather than a single lithology
(Table 1). Cyoss is the fraction of total organic carbon that is no-longer available because it has

been sequestered in kerogen (Ciker) Or carbonate (Cicarp), and it is obtained using equation 5.

Closs = Ciker + Cicarb

Equation 5
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These carbon-loss parameters (Ciker and Cicqrp) are transient and change over time during
burial, and are calculated from other parameters that themselves change during burial and
diagenesis. These burial-dependent processes are given in Equations 6, 7 and 8. As presented,
Equations 6, 7, and 8 are empirical relationships obtained by fitting regression models to pre-

existing data sets.

The fraction of organic carbon sequestered in kerogen (Cier) Was computed using Equation 6:

— 2
Clker - alkerxVRcaIc + blkerxVRcaIc + Ciker

Equation 6

Equation 6 was obtained by fitting a polynomial equation to normalised sterene
concentrations (e.g. MaXsterene - Xsterene /MaXsterene - MiNseerene) and vitrinite reflectance, yielding
the exponents aer, biker and Ciker. The rationale for using sterene concentrations is explained
in the following paragraph. The values of exponents found for C0020 are shown in Table 4.
VRealc 1S Vitrinite reflectance at a given point in geological time and its units are percentage
light reflected. Vitrinite reflectance is measured for the present-day sediments, but in this
case it also refers to a specific point in geological time (the past) and must be obtained from a
basin model. In this study, this was done within Petromod using the EasyVit model (Burnham

and Sweeny, 1989; Sweeney and Burnham, 1990).

The Shimokita coal beds are pre-oilwindow with respect to oil and gas generation, and their
organic macerals still contain huminite (Gross et al., 2015), indicating that vitrinite and
kerogen are still forming. During the early stages of burial diageneses, kerogen sequesters
organic carbon by forming geomacromolecules from more labile components (Tissot and
Welte 1984). Sterenes are one of many labile components of sedimentary organic matter and
contain a site of unsaturation by which they are bound within kerogen during early diagenesis
(Kohnen et al., 1991). Sterene concentrations generally decrease downhole at Site C0020
(Figure 5a — data from Inagaki et al., 2013), and their decreasing concentration is here taken
as a measurable proxy of labile organic carbon within kerogen. That is not to say that either
sterenes or huminite are major biosphere substrates, or that sterenes are bound within
huminite (fossil wood), but that the processes co-occur and are used in the same way as
petroleum biomarker thermal maturity parameters, that use processes such as isomerisation to

proxy for catagensis and oil and gas generation (Peters et al., 2005).
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Cicarb is the fraction of total carbon sequestered by the formation of diagenetic carbonate and

was calculated using Equation 7:

Cicarb = Micarb X 109 ¢ + Cicarb

Equation 7

Equation 7 was obtained by fitting a straight line to inorganic carbon concentrations
expressed as the fraction of total carbon (e.g. total inorganic carbon/total carbon) and porosity
(Figure 4b), yielding the exponents Mycar, and Cicarh. The values of these exponents for Site
C0020 are shown in Table 4. To obtain this empirical relationship data were taken from the
estuarine facies (Units I11 and V) and any anomalously high values of TIC were ignored (e.g.
samples containing shell fragments etc.). The estuarine facies alone was chosen because it
has very little detrital carbonate relative to the marine facies (therefore changes in inorganic
carbon better represent authigenic as opposed to sedimentary processes). Carbonate
concretions and authigenic carbonate cements form during early diagenesis as distinct
authigenic phases and pore filling cements (Berner, 1968; Wilkinson and Damper, 1990). At
Site C0020 carbonate concretions are found throughout the drilled-interval but are notable in
freshwater parts of the esturine facies, where stable isotope data show that they are closely
tied to processes such as methanogenesis (Phillips et al., 2018). The calculation of porosity
over geological time is described above for Equation 4, and was done using Athy’s law (Athy,
1930). As for the calculation of changes in sterene concentration as a function of vitrinite
reflectance, there need not be a direct mechanistic link between the two parameters, but
instead increased carbonate-cementation is taken as being contemporaneous with porosity

reduction during burial.

Dy is the fraction of Oc, or labile sedimentary organic carbon available to the deep biosphere

and was calculated using Equation 8:

|Og(Dac) =Mpac X |OgTOC + Cpac
Equation 8
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Equation 8 was obtained by fitting a straight line (Figure 4c) to TOC and dissolved organic
carbon concentrations for shallow sediments from the Weddell Sea (Egeberg and Abdullah
1990). The value of the exponent mp,c is shown in Table 4, while the cpac parameter is
sufficiently close to zero that it was left out of calculations. The Egeberg and Abdullah
(1990) dataset for the Weddell Sea its TOC values are similarly low and close to those of the
Shimokita-sandstones and -siltstones within the estuarine facies (Table 2). The dataset from
Egeberg and Abdullah (1990) also concerns sediments that have not been buried deeply and
have a mild thermal history, thus much of the TOC is still labile and thereby provides a better
estimate of D,c as function of Ocy, as opposed to D,c as a function of a mixture of refractory

and labile organic carbon.

Figure 5 illustrates downhole variation in sterene and total inorganic carbon and associated
calculations of carbon loss to the formation of kerogen and authigenic carbonate. At greater
depths generally a higher fraction of carbon is lost to kerogen (Figure 5b), whereas the varied
lithology of the main coalbed horizon leads to high rates of authigenic carbonate formation —

particularly in the coal and sandstone rich formations (Figure 5d).

Population Model

A schematic representation of a deep-biosphere population model is shown in Figure 2c. The
model comprises a deep-biosphere population, the potential size of which is limited by the
carrying capacity of the host formation. As the capability of the population to grow to fill its
carrying capacity changes, or as the carrying capacity of the formation adjusts because of
changes in the form and type of organic carbon, the size of the population adjusts accordingly.
The carrying capacity of any formation was taken as the organic content available to the
biosphere and the organic carbon content initially present within cells.

Carrying capacity was determined using:

CC = (Dac X Ocr) + NO
Equation 9

Where D,c and Oc, are as defined above for equations 3 and 4 , and N, an initial

concentration of cells expressed in gC.cm™.
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The deep-biosphere population model presented here is a negative-reconceptualisation of the
deep biosphere presented in Horsfield et al. (2006); it is negative because in this case
diagenetic processes occurring during burial will convert substrates to non-bioavailable forms

(kerogen and carbonate), as opposed to generating substrates from kerogen.

The Population Model formulated for a finite difference calculation is shown below:

Ni=Ng+axtxNgyx ((cc-Np)/cc)
Equation 10

Where N; and N, are the final and initial concentration of cells at two points in time, as
described above for equation 1. Computationally these numbers are handled as a mass of
organic carbon. The growth ratio a, represents the change in gC per unit time, cc is the
carrying capacity. The growth ratio is temperature dependent, and within a finite difference
model this is the temperature at the mid-point of a time step. As temperature within a
sedimentary formation undergoing burial varies over geological time, temperature is
determined using a basin model. To keep parity with the material balance model described
above the growth ratio a was determined as function of cell-damaging and cell-repairing

reactions;

a. = (T X krep) / (T X kdam)
Equation 11

where T, Krep and Kyam are as defined for equations 3 and 4.

Comparison of Deep Biosphere Models

To illustrate differences in the behaviour of the population- and material balance-biosphere
models the effects of growth ratios of 0.9 and 1.1 were considered. For these models the
labile organic carbon available to the deep biosphere (Oc,) was initially decreased over a
short timespan to peturb the biosphere and induce rapid changes, but thereafter the Oc,
parameter was reduced slowly (Figure 6). This condition for carbon availability represents
that commonly held to apply to sedimentary organic carbon - where labile and refractory

This article is protected by copyright. All rights reserved.



pools are observed and the labile organic carbon decays rapidly, while a second pool of
sedimentary organic carbon decays slowly (Westrich and Berner 1984). Under these
conditions, when the growth ratio is less than 1, and if only the endpoints are considered the
two models of the deep biosphere reach similar values (Figure 6a). Thus were the population-
and material balance-biosphere models being applied in a situation where sedimentary
organic matter was slowly being degraded, and in an environment unfavourable to growth,
they would be expected to predict similar end-values.

However, there are differences and most notable of these is that the population model
responds to early short-term perturbation but the material balance model does not (Figure 6b
and 6c¢). A further differentiation between the two models occurs when the growth ratio is
greater than 1, but the carbon supply is still limited. Under these conditions the material
balance model predicts growth, but the deep biosphere model does not (Figure 6c¢). The
primary cause of this different behaviour is the mechanistic action of the carrying capacity
term, which acts as a limit within the population model. The population model predicts that
an underpopulated biosphere will raise to its limit should the growth ratio permit this, but an
overpopulated biosphere will rapidly decline, and subsequently recover upto the limit
provided by the carrying capacity. The material balance model does not have this mechanism.
Thus both types of biosphere model might reasonably be applied to the Shimokita coalbeds
and be expected to provide similar but not identical results. However, if erroneous
assumptions are made about growth or carbon supply, then the two models should
significantly diverge, and a material balance model would uptake unrealistic quantities of
organic carbon. Therefore, in combination, the two models provide a falsifiability that
permits erroneous assumptions about either growth within the deep biosphere or carbon

cycling within the subsurface to be identified.
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Results and Discussion
Results —Material Balance
Basin model predictions of the Shimokita deep biosphere are shown in Figure 7 for different

combinations of basin and biosphere models. The cases are:

e Case 1: variable heat flow basin model & material balance biosphere model (Figure
7a),
e Case 3: variable heat flow basin model and population biosphere model (Figure 7b).

e Case 2: constant heat flow basin model and material balance model (Figure 7c),

In each case predictions are made for the lowest and highest TOC values within each Unit

(Table 1). Burial curves for selected models are shown in Figure 8.

Al cases exhibited a drop in cell concentrations from ~ 10 cells.cm-2 at the top of the marine
mudstones to 10* cells.cm™ at the base of the hole (Figure 7a-c). The four-order magnitude of
decline in cells within the marine mudstones (Units OB and V) is consistent with previous
work on ocean sediments, and also for Site C0020, and could be predicted by a simple
regression based on depth C0020 (Parkes et al., 2000; Inagaki et al., 2015). However, an
important feature captured by the combined biosphere and basin models is the co-occurrence
of high and low cell abundances within Estuarine Units Il to IV, often at nearly equivalent
depths. Such features could not be predicted by regression analysis or application of the
Parkes depth-regression approach as similar depths would predict similar abundances of cells.
However, Cases 1 and 2 (Figure 7a & b) that combine a basin model with a variable heat
flow and a material balance biosphere model, and take account of both high and low TOC
contents predict a range in cell-concentrations. This is most evident in Units 1l and I11, where
higher abundances of cells are predicted for TOC-rich lithologies and lower cell abundances
are predicted for the TOC-poor lithologies. This range is not evident for predictions based on
a constant heatflow model, that does not take account of changes in thermal environment
over time (Figure 7¢). Thus it can be concluded that models with thermal histories
representing a declining heat flow at Site C0020 better capture the contrast between cells
present in the nurturing habitat offered by the coal beds, and cells present in low TOC
lithologies. Examining the burial history of units it can be shown that significant declines in

cell-concentration occur when the high TOC units are buried to temperatures exceeding
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30 °C, and when TOC-poor units are buried to temperatures exceeding 20 °C (Figure 8a and
8b).

Aside from demonstrating that combined basin and biosphere models can predict cell
concentrations, it is also necessary to demonstrate that the approach is falsifiable, e.g. bad
basin models yield bad predictions of the deep biosphere. Cell concentrations in low-TOC
lithologies in Unit 111 are over-predicted by basin models with a geologically inaccurate
constant heat flow (Figure 7). This is because the constant heat flow basin model defers
(delays) exposures to temperatures exceeding 20 °C (temp at which the material balance
biosphere model causes starvation in low-TOC units), and the onset of temperatures
exceeding mesophilic conditions occurs later in the model’s burial history thereby permitting

high cell concentrations to persist (Figure 8 ¢ & d).

Kill Mechanisms — Material Balance
Here we investigate the capability of geological, geochemical and biochemical processes to
act as kill mechanisms for the Shimokita Biosphere. This is done by observing the effects of

the processes and the ensuing changes in cell concentrations as functions of geological time.

Figures 9a-c illustrate a kill-mechanism, primarily utilising cellular damage (depurination),
acting on a low-TOC lithology within Unit I11, the upper part of the estuarine facies. In this
case depurination is chosen because it is one of the cell-damaging reactions coded within the
model, and its increase in rate corresponds to a decline in cell abundance. The biosphere in
this case is modelled using material balance. Considering a geological history that includes
the end of rifting in the Japan Sea and subsidence of the Shimokita area (the variable heat
flow model; see Figure 3b), it can be shown that a decline in cell abundances (Figure 9a)
occurred when the rate of depurination increased at about 4 Ma and when formation
temperature within the unit rose to greater than 25 °C (Figure 9b). In the constant heat flow
basin model this decline in cell abundance does not happen until much later (Figure 8a). For
both of these the TOC of the formation, its present-day temperature and initial cell
concentration are the same. Differences between the two geological scenarios are specifically
the result of varying exposure to cellular damage (Price and Sowers, 2004). The predictions
made by the variable heat flow basin model represent far field tectonic processes that buried
the formation to a depth at which it was exposed to higher temperatures ~20 °C (Jolivet et al.,
1994) and increased crustal heat flow.
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Figure 7d-f illustrates a starvation-based kill-mechanism at work within Unit 1, the Miocene
coalbed horizon. Here the comparison is between high TOC coals and low TOC-sandstone
lithologies within Unit I1. The lithologies interbed within the same unit and thus they share
present day- and past-temperatures. Initially there is little difference in cell concentrations,
but differences begin to develop after the formations pass the 30 °C threshold at about 4 Ma
(Figure 7d). This corresponds to burial-compaction during subsidence and the limited onset
of the formation of vitrinite from huminite (Gross et al., 2015) as shown in Figure 7e.
Mechanistically, this stresses the deep biosphere by making the organic carbon needed cell
repair or maintenance unavailable; e.g., the biosphere is starved — compare the black and red
lines in Figure 7f denoting the carbon needed and that which is available for growth and
maintenance. Starvation occurs because diagenesis has sequestered organic carbon within
kerogen and carbonate. Prior to 4 Ma, even though the sandstones contain low TOC, there is
still sufficient carbon to maintain the deep biosphere, and only rapid burial in the Pliocene,
due to flexure of the Okhotsk Plate during subduction (Jolivet et al., 1994), caused

differentiation of cell abundances within the two units.

Results and Kill Mechanisms—Population Model

Figure 7e illustrates predictions of cell abundances made by the variable heat flow Basin
Model and the Population Deep Biosphere Model. Substantial differences in cell abundance
are both observed and predicted for the maximum and minimum TOC lithologies in Units | to
IV. Figure 8 illustrates cell abundances within Unit IV over geological time for the youngest
and siltiest member of the estuarine facies. The initial and catastrophic decline in cell
abundances observed for the low TOC lithology in Unit IV (Figure 10a) is caused by the
carrying capacity and specifically the TOC-content being insufficient to support the
population (Figure 10b); other factors such as rates of cell damage are equal between the two
models. Once this adjustment occurs the microbial population subsequently declines
relatively little, at least compared to the decline observed for the high-TOC formation which
continues to decline. From 7.5 Ma to 7 Ma, a decline in cell abundances in the high TOC

lithologies is due to reduced carrying capacity — e.g. substrate availability (Figure 10Db).
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Stimulation of deep biosphere by carbon dioxide generation

The Miocene coalbeds are not sufficiently thermally mature to generate methane via
thermogenic reactions (Inagaki et al., 2015). However, carbon dioxide is generated from
coals during early catagenesis at sub-pyrolysis temperatures, and particularly so from humic
materials with a limited hydrogen content (van Krevelen, 1950; Braun and Burnham, 1987,
1988).

Carbon dioxide (along with the presence of hydrogen) is one of the primary chemical-
substrates capable of supporting methanogenesis within sediments (Zeikus 1977), the others
being formate, methanol, carbon monoxide, methylamines and acetate (Daniels et al., 1983).
The formation of carbon dioxide from coal is important because methanogens have been
shown to utilise carbon dioxide within sediments even in the presence of other substrates
(Crill and Martens 1986).

Figure 11a is a downhole plot of the S3 pyrolysis-parameter; a measure of the yield of
combustible or oxidisible organic carbon from sedimentary organic matter and thus the
capability of sediment to provide carbon dioxide (Tissot and Welte, 1984). The highest
potential to provide oxidised organic carbon substrates is found within the Miocene coalbed
horizon (Unit 1), with some potential also found at the top of the estuarine facies where there

are plant macrophytes and detrital-clasts of coal (Unit IV).

Figure 12 illustrates the response of coal and sandstone lithologies to carbon dioxide
generation within the Shimokita coalbeds. Within a sandstone lithology, without the
provision of carbon dioxide cell abundances decline, but they remain unaffected within a
coalbed. Within a sandstone supplied with carbon dioxide during the early Pliocene they are
initially sustained, and then rise slightly during the Quaternary. Figure 12a was calculated
assuming a type 111 coal with the reaction kinetics reported in Braun and Burnham, (1987)
and Burnham and Braun (1990), a 20 m net thickness of coal seams the variable heat flow
model (Figure 3Db).

The resulting stimulation of cell abundances from 2, 20 and 40 meters net thickness of coal is
shown in Figure 11b and 12b. The quantity of carbon dioxide released becomes significant
during the Pliocene (temperature of 30 °C, Figure 12c), and this would start to measurably
impact the microbial population of a low TOC sandstone at about 3 Ma (Figure 9a) when
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temperatures reach 40°C. Assuming that all the carbon released in this way is available to the
deep biosphere a coal seam 2 m thick would even be capable of generating sufficient carbon
dioxide to raise cell-concentrations by an order of magnitude within a TOC-starved lithology.
In the case of a high-TOC lithology, there is a calculable rise, but this might not be sufficient
to be measured, e.g. a change 3E4 to 6E4 cells.cm™. This estimate of the extent of stimulation
does not take account of actual speciation in terms of both physical chemistry (e.g., adsorbed
or free) or chemical speciation (for example partially oxidised carbon such as volatile fatty
acids or phenolic compounds, Glombitza et al. 2016), nor does it realistically deal with mass
transfer or diffusion. Thus the cases presented in Figure 12a are a higher bound, but were the
currently known ~20 meter thickness of coal to generate carbon dioxide and only 10% of this
were bioavailable (so that the effects approximated only the 2 m net-thickness case), this
would still be sufficient to measurably sustain a community in a low-TOC lithology (Figures
12b-c).

Discussion

From a basin modelling perspective, the Shimokita coalbeds encountered at Site C0020 are
relatively simple in the respect that there is little evidence that substantial fluid generation
and migration is taking place. This can be seen in the lack of significant over pressure, the
absence of petroleum generation, and concentration-profiles for dissolved species that break
at Unit-boundaries (Inagaki et al., 2013;2015). Were it necessary to incorporate such

elements then commercially available basin models could reasonably do this (Waples, 1994).

The main capability currently lacking from basin models are kinetic models of organic
geochemical parameters able to operate at pre-oil window and at pre-vitrinite levels of
diagenetic alteration and geological time scale (Farrimond et al., 1998 and Rabinowitz, 2017
for examples of thermal maturation under pre-oil window conditions). What is particularly
important is the capability to model the conversion of huminite to vitrinite as this is likely an
important diagenetic zone for the deep biosphere within the Shimokita coalbeds (Gross et al.,
2015). Because this modelling cannot be done, there is a limited capacity to measure and then
model proxies of thermal maturation, independently of the calculation of the release or
sequestration of volatile organic compounds. The temperature-dependent release of such
substrates has certainly been measured for both labile (Roussel et al., 2015) and refractory
components (Tegelaar and Noble, 1994), but the former is not linked to independent

geochemical parameters with kinetic models. Because so many basin modelling variables
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interact, the independence of the different stages of calculation (thermal models, compaction,
substrate generation etc.) and their calibration is necessary to help qualify why one of many
non-unique basin modelling solutions is better than another (Peters and Nelson, 2012).

Organic geochemical parameters that have kinetic models provide a means to do this.

There is additional development that would greatly improve the capability of the biosphere
models applied to the Shimokita coalbeds. Foremost of these is the capability to track
different and varied metabolic reactions; both the number and type of cell damaging reactions,
as well as greater specificity for repair processes. The applicability of a given set of metabolic
pathways or processes would ideally be conditioned by either genomic or metabolic
measurements (Webster et al., 2006; Hoshino and Inagaki, 2019). Herein, only
methanogenesis is developed from a modelling perspective (Price and Sowers, 2004), and
though many cell-damaging reactions would be expected to be common, the growth rate and
energetic-aspects of other metabolisms may not be shared (Lever, 2012, 2015). Notable
diagenetic processes for which there is a strong microbial component identified at Site C0020
include iron reduction, sulphur reduction as well as carbonate formation (Phillips et al., 2017,
2018). Similar distinctions could also be made for different types of organic matter
(Middelberg 1989), for example necromass (organic matter from recently dead organisms),
could be tracked separately from sedimentary organic matter with different levels of
recalcitrance (Lomstein et al 2012).

To incorporate such detail within the material balance model this would make use of
weighting factors to represent community structure, much as is done for mixtures of varied
kerogen types (Tegelaar and Noble, 1994). In the case of the Population model, this would be
achieved using the Lotka-Voltera equations which while commonly termed the “predator-
prey” equations can represent both competing and dependent life habits (Wangersky, 1978;
Renshaw 1991); e.g., fermentation and methanogenic metabolisms.

Conclusions

Basin models can be used to predict subsurface cell concentrations within sedimentary rocks
as a function of geological history. Basin models can be combined with material balance- and
population-models of the deep biosphere and model deep biospheres within low and high
TOC lithologies. In the basin models presented here, a starvation state was induced by
allowing diagenetic processes to sequester carbon, and cases were also evaluated where
carbon dioxide generated during diagenesis was shown to be numerically important and
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potentially significant sources of carbon. A unique strength of this approach is the ability to
link basin processes and far field geological events to diagenetic environment and deep

biosphere processes.

Methods

Data sources: The data in Table 1 and used Figure 3 (except for the Raman data) were
obtained from data within in Inagaki et al., 2013. Measured cell concentrations were taken
from Inagaki et al., 2015. Other data was taken from the library within Petromod 2016,

yielding the average values for the Units shown in Table 2.

Example scripts of both Material Balance and Popultion Biosphere models written in R and
are available in supplementary information. An example input file is provided also. R is free

software and is available from https://www.r-project.org/ (R Core-Team 2014).

Soxhlet extraction and GC-MS analysis of extracts of drill cuttings in Units IV to | was
carried out at the University of Aberdeen. Prior to analysis extraneous materials were
removed from samples. Soxhlet extraction was performed for 48 hrs using a 93:7 v/v mixture
of dichloromethane and methanol. Analysis of whole extracts was performed with an Agilent
Technologies (AT) 6890N Network GC (pulsed splitless) system fitted with a 30 m x 250.0
pm i.d film thickness 0.25 um fused silica DB-5 column coupled to an AT 5975 quadrupole
mass selector detector (electron energy 70 eV, source 250 °C) with He as a carrier gas. The
GC temperature program for saturated hydrocarbons was hold at 60 °C for 2 min, rising at
20 °C min™ to 120 °C, and then rising at 4 °C min™ to 290 °C and then holding for 23 min.

Analysis was performed using a SIM program with 191 m/z ion and a dwell time of 40 ms.

Raman spectra were obtained using a Renishaw inVia reflex Raman spectrometer at the
University of Aberdeen. An Ar” green laser (wavelength 514.5 nm) was focused on the
sample using a DMLM Leica microscope using a 50 x objective. Laser spot size was
approximately 1-2 um diameter and laser power was 50 % (<13 mW delivered to the
surface). Acquisition parameters were; 20 spectra accumulated over 20 seconds within the
Raman shift range of 500 to 2000 cm™. To characterize spectra the following procedure was
applied: 1) cropping of data to the Raman shift region of interest, 2) subtraction of a linear

baseline fitted to intersect the minimum values (troughs), 3) fitting of two peaks, whose
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properties were never more than 90 % from Gaussian and centred about Raman shifts of 1350
+50 cm™ for the D peak and 1585 +20 cm™ for the O peak.
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Figure Captions
Figure 1. Location map of IODP 337 Site C0020.

Figure 2. a) Graphical illustration of the work flow for modelling the Shimokita deep coalbed
biosphere over deep geological time. Graphical illustrations of the b) Material Balance and c)
Population Models of the Deep Biosphere.

Figure 3. a) Burial Curve and b), Heat Flow Models and Sea Level Curves illustrating the
geological history of C0020. c) Lithological Column and Modelled Depositional Units. d)
modelled vs predicted downhole temperatures. €) Modelled and predicted values of the % Cs;
17a, 21B(H) 22S5/22 S +22R parameter. Data shown for core (filled circles) and drill cuttings
(open circles) and for predictions made by variable and constant heat flow models (solid and
dashed lines). f) Modelled and predicted values of the Raman R1 (D/D+G) parameter. Data
shown for core (filled circles) and drill cuttings (open circles) and for predictions made by
variable and constant heat flow models (solid and dashed lines) g) Vitrinite reflectance data

and models.

Figure 4. a) Fraction of TOC converted to recalcitrant kerogen. Data is shown for Units Il —
V, and the y-axis is based on the fractional change in the abundance of sterenes (here scaled
from 0-1). Line is polynomial equation described by Equation 6. b) Fraction of inorganic
carbon in carbonate as fraction of total carbon. Data is shown for mudstones and siltstones in
Units 111 and 1V, black line represents Equation 7. ¢) DOC vs. TOC relationship used to
empirically obtain the fraction of carbon that is bioavailable for the deep biosphere in

thermally immature sediments. Black line represents Equation 8.

Figure 5. Downhole plots of carbon-loss functions and the data from which the functions
were derived. a) Sterene concentrations (filled circles) and average values used for Figure 4a
(open circles). b) Total inorganic carbon (filled circles) and average values (open circles). c)
Fractional loss of organic carbon bound into recalcitrant kerogen - Cyer and d) Fractional loss
of organic carbon sequestered in authigenic carbonate - Cycarp. Figures ¢ and d computed

using the variable heat flow basin model in Figure 3 and Figure 4.
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Figure 6. Comparison of the behaviour of material balance and population deep biosphere
models. a) & b) Are hypothetical models with growth ratios of 1.1 (a) and 0.9 (b) in which

the availability of organic carbon declines as shown in c).

Figure 7. Downhole predictions of cell abundances made by different combinations of Basin
Models and Deep Biosphere Models. a) & b) Lithology and TOC content. c) Predictions of
present-day cell abundances using a Basin Model with variable heat flow (VHF) and a
Material Balance Model. d) Predictions of present-day cell abundances using a Basin Model
with variable heat flow (VHF) and a Population Model. e) Predictions of present-day cell
abundances using a Basin Model with constant heat flow (CHF) and a Material Balance
Model. For c), d) and e) maximum and minimum cell concentrations are shown as predictions

for the lowest and highest TOC lithologies within a formation.

Figure 8. Burial curves illustrating the development of distinctive biomes over deep
geological time within Units I-V. Predictions of cell abundances are shown for the maximum-
and minimum-TOC content of each unit for; a-b) the variable heat flow basin and material
balance models, c-d) the constant heat flow basin and material balance models and e-f)

variable heat flow basin and population models.

Figure 9. Plots illustrating the differing effects of cell-damage and starvation on cell
abundances. The effects of differing geological history on cell abundances in Unit I1. a) Cell
abundances calculated by the constant heat flow and variable heat flow models. b) Rates of
cell damage and temperature calculated for the constant heat flow and variable heat flow
models, showing divergence at 5 Ma. d) Cell abundances calculated for the high and low
TOC lithologies within Unit 11. e) Changes in porosity and the fraction of organic carbon
bound in carbon over geological time (Cyr). ) Plot of the organic carbon available to support
the deep biosphere (Oc,) in the high and low TOC lithologies within Unit Il and the organic
carbon needed for cell repair. Significant decreases in cell abundance occur when the carbon

needed to support the biosphere is no longer available.
Figure 10. Plots of a) cell abundance and b) carrying capacity within the high TOC and low

TOC lithologies in Unit IV (upper estuarine facies) calculated using the population model

and variable heat flow basin model.
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Figure 11. Downhole plot of a) S3 — yield of combustible/oxidised carbon per gram of rock,
b) cell abundance predicted using a variable heat flow Basin Model and Population Biosphere
Model with varied stimulation of the coalbed horizon biome by carbon dioxide generated

from net thickness of coal seams 2, 20 and 40 m thick.

Figure 12. a) Burial curve showing the stimulation of a low TOC sandstone within the
coalbed horizon where an overlying sandstone is stimulated by CO,. b) Varying stimulation
as a function of the net thicknesses of coalbed, and the generation of carbon dioxide from a
20 meters net thickness of coalbed during the late Miocene to present day.c) The organic

carbon available to the biosphere with and without the addition of CO..
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Table 1. Geochemical properties of modelled units

Unit  Top Bottom Lithologies Age Drill Cuttings Lithology TOC Rock Eval Other
% % S2 S3 HI Ol Tmax TIC ng ng
sterene sterane
Mud Silt Sand Low  high mgHC/g mgCO,/)g mgHC/g mg °C % ug/gTOC  ug/gTOC
TOC CO; /g
TOC

OB 1180 1816 Over burden (Marine Quaternary nd nd nd 0.6 0.6 - - - - - - - -

Mud)
Unit 1816 2436 Marine Muds, partially Pliocene 53 37 10 0.08 3.2 25 12 292 113 405 0.09 0.003 0.0009
\ indurated at base with

sand units
Unit 2436 2680 Estuarine Siltstones and 33 53 14 0.1 0.9 0.7 0.7 80 167 413 0.12 0.003 0.0004
v Mudstones, coal

fragments, coaly

sandstones
Unit 2680 3006 Estuarine mudstones with 52 33 15 0.1 1.0 1.0 0.9 80 178 417 0.15 0.002 0.0004
1l sandstones at base. Plant

macrophytes common
Unit 3006 3226 Sandstones and Coalbeds ~ Early to Mid 29 52 20 0.07 45 95 14 245 125 428 0.20 0.001 0.0003
I Miocene
Unit 3226 3646 Mudstones, coalbeds at Late Olig 55 29 17 0.1 1.2 0.5 0.7 52 156 426 0.27 0.0004 0.0003
| base, plant macrophytes

common
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Table 2. Physical properties of modelled units

Unit Top  Bottom Lithology Petromod Thermal Formation Porosity
Lithology conductivities  Density
meters subsea mw.m g.cm? %.
OB 1180 1816 Over burden (marine Shale 111 1.81 54
mud)
Unit V 1816 2436 Marine muds, partially Siltstone 1.63 211 36
indurated at base with
sand units
Unit IV 2436 2680 Estuarine siltstones and Sandstone 212 2.28 28
mudstones, coal
fragments, coaly
sandstones
Unit 111 2680 3006 Estuarine mudstones with  Siltstone 1.74 2.30 26
sandstones at base. Plant
macrophytes common
Unit 1l 3006 3226 Sandstones and coalbeds 70 % Sandstone  1.96 2.05 11
& 30 % Coal
Unit | 3226 3646 Mudstones, coalbeds at Siltstone 1.78 2.37 20

base, plant macrophytes
common
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Table 3 - Parameters

Parameter  Description Units Notes
N, Ny Organic carbon in active deep biosphere at time steps0  grams carbon (gC. cm'3) Equation 1 and Table 3 for
and i initial conditions
Ny Organic carbon lost from deep biosphere grams carbon ( gC. cm™) Equation 2
N, Organic carbon incorporated into deep biosphere grams carbon ( gC. cm’?) Equation 3
T Temperature °C calculated from basin model or
measured
t duration of time step Seconds (s) Set by user
Kaam rate of cell damaging process gC of a biomolecule per unit Price and Sowers 2004
time (gC.s'l)
Fq weighting factor for cell damaging process Dimensionless unit 0 -1 Set by user. (See Table 4)
Krep rate of cell repair process gC of a biomolecule per unit Price and Sowers 2004
time (gC.s™)
Frep weighting factor for cell repair process Dimensionless unit 0 -1 Set by user (See Table 4)
Doac Bio-available organic carbon Dimensionless unit 0 -1 Equation 8
Mpac Gradient describing relationship between DOCand TOC  1/TOC By regression from data in
in low TOC sediments Figure 4
Cpac Intercept describing relationship between DOC and TOC  Dimensionless unit 0-1 By regression from data in
in low-TOC sediments Figure 4
Oc Organic carbon not kerogen-bound, not sequestered in gC.cm™ Equation 3
carbonate, not in active deep biosphere
TOC Total organic carbon % Divided by 100 for Values from basin Model.
computation Present day - Table 1
[} Porosity % Divided by 100 for Values from basin Model.
computation Present day - Table 1
o Density g.cm® Values from basin Model.
Present day - Table 1
Closs Loss of carbon from bioavailable pool Dimensionless unit from 0 -1 Equation 5
Ciker Loss of carbon to kerogen Dimensionless unit 0 -1 Equation 6
Vrcale Vitrinite Reflectance Calculated by Basin Model % light reflected Obtained from basin model.
Present day - Table 1
Qiker Exponent describing polynomial relationship between By regression from data in
Vitrinite Reflectance Calculated by Basin Model and Cye, Figure 4
biker Exponent describing polynomial relationship between By regression from data in
Vitrinite Reflectance Calculated by Basin Model and Cye, Figure 4
Clker Intercept describing relationship between vitrinite By regression from data in
reflectance and Cye, Figure 4
Cicarb Loss of carbon to carbonate Dimensionless unit 0 -1 Equation 7
Micary Gradient describing relationship between porosity and 1/log ¢ By regression from data in
authigenic carbonate Figure 4
Cicarb Intercept describing relationship between porosity and Dimensionless unit 0 -1 By regression from data in
authigenic carbonate Figure 4
a growth ratio Dimensionless unit Equation 10
cc carrying capacity gC. cm? Equation 11
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Table 4. Input and Initialisation Data for Deep Biosphere Models

Unit Equation Reference (Data Source)
cellular carbon content 55 E-12 gC.cell* - Romanova & Sazhin 2010
initial cell concentration 45E8 cells.cm® - Inagaki et al 2015
Exponents obtained from regression of data
cell damage to racemisation Myap.rac 0.076 gC(gC)*.h™.(1000.K*) Eq.2&11  Price and Sowers 2004
cell damage to racemisation Cgam.rac 28 gC(gC)*.h? Eq.2&11
cell damage to racemisation (Fgam-rac) 0.25 a.u. Eq.2&11
cell damage to depurination Myam-dep 0.097 gC(gC)*.h™.(1000.KY) Eq.2&11
cell damage to depurination Ceam-dep 36. gC(gC)*.h Eq.2&11
cell damage to depurination (Fgam-dep) 0.75 a.u. Eq.2&11
cell maintenance My, 20 gC(gC)*.h™.(1000.K*) Eq.3&11
cell maintenance Crep 120 gC(gC)™.h? Eq.3&11
loss to carbonate Micary -0.053 % TIC/TC/o Eq. 7 Inagaki et al 2013
loss to carbonate Cicarp 0.22 % TIC/TC Eq. 7
loss to kerogen ayer -6.8 % TOC/% VR Eq. 6 Inagaki et al 2013
loss to kerogen byer 73 % TOC/% VR Eq. 6
loss to kerogen Cicer -1.2 % TOC Eq. 6
bioavailable organic carbon ( as DOC) D¢ 0.0016 % DOC/% TOC Eq. 8 Egeburg & Abdullah 1900

The parameters for cell-damaging reactions have additional subscript notation denoting the reaction concerned, e.g. for depurination this is
aep and for racemisation this is .. gC = grams Carbon; TIC = total inorganic carbon; TC = total carbon; TOC = total organic carbon; DOC =
dissolved organic carbon; VR = vitrinite reflectance.
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