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Interpreting past Carbon cycle events
Geologic record contains evidence of past Carbon (C) emissions accompanied by extensive
environmental change

• In particular, Large Igneous Province emplacements caused largest pre-industrial C emissions
(e.g. Ontong Java Plateau eruption coincident with Oceanic Anoxic Event 1a ∼120 Ma)

• Studying the Earth system response to these events requires knowledge of the strengths of
forcing and feedbacks

Image by Adrian Malec from Pixabay
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Reconstructing C fluxes from C isotopes

• C isotope excursions are evidence for altered C fluxes

Example: Oceanic Anoxic Event 1a (∼120 Ma)
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Reconstructing C fluxes from C isotopes

• C isotope excursions are evidence for altered C fluxes
• The sign of the excursion holds information about likely nature of dominant C fluxes

Example: Oceanic Anoxic Event 1a (∼120 Ma)
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Reconstructing C fluxes from C isotopes

• C isotope excursions are evidence for altered C fluxes
• The direction of the excursion holds information about likely nature of dominant C fluxes
• C fluxes from to assumed sources/sinks can be estimated with C cycle models
• But: C sources/sinks cannot be identified unambigously
• And: Temporally overlapping C fluxes cannot be distinguished

Example: Oceanic Anoxic Event 1a (∼120 Ma)
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Why are Sr, Os, Li and Ca isotopes useful?

Proxy-pontential of Sr, Os, Li and Ca

• processes that govern C cycle on long timescales also control metal cycles (e.g. mantle
emissions, continental weathering)

• source of metal fluxes can be identified due to distinct isotopic composition of continental
run-off and mantle

• local sediment cores can yield global signals because of long residence times in the ocean
and inter-basinal isotopic homogeneity

• apart from Ca, little biological relevance, hence less complex vital effects?

These metal isotopes are used to understand periods of environmental change

• Glacials - Interglacials

• Eocene/Oligocene Transition

• Paleocene-Eocene Thermal Maximum

• ... ©Authors. All rights reserved 3



The added value of metal isotopes for reconstructing C fluxes

• Metal isotopes are used to determine
changes in metal sources/sinks

Example: Oceanic Anoxic Event 1a (∼120 Ma)
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The added value of metal isotopes for reconstructing C fluxes

• Metal isotopes allow identification of
specific sources/sinks

• Isotope mixing models can constrain C
fluxes based on metal isotope excursions

• But: Isotope mixing models are often run
without dynamic C cycle although metal
cycles are sensitive to long-term C cycle
changes. Does this affect estimates of
external forcing/internal feedback strength?

Example: Oceanic Anoxic Event 1a (∼120 Ma)
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Outline of our research for this talk:

Research question
How do Carbon cycle feedbacks affect the evolution of metal isotope excursions during episodes
of enhanced volcanism?

Research method
Simulations with a 3D Earth system model including dynamic cycles of C and metal isotopes
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cGENIE - 3D Earth system model of intermediate complexity

Modern-day bathymetry in cGENIE
1546 G. Colbourn et al.: The Rock Geochemical Model (RokGeM) v0.9

atchem
2D atmospheric
chemistry
module

sedgem
3D sediment
geochemistry
module

biogem
3D marine
biogeochemistry
module

rokgem
2D weathering
geochemistry
module

Fig. 1. Schematic of the relationship between the different model
components comprising the GENIE-1 model. Outlined in bold is
the weathering module RoKGeM described in this paper, while the
ocean-atmosphere-sediment carbon cycle and climate model (Ridg-
well and Hargreaves, 2007) is delineated by a dashed box. Figure
adapted from Ridgwell and Hargreaves (2007).

of bespoke portals, middlewares, and stand-alone applica-
tions/scripts have been developed to enable more efficient
use of the modelling framework. Unfortunately, common
standards for usage have not been adopted across the entire
GENIE community, leading to many different individual ef-
forts at modelling portals, including much work done for this
paper (see Sect. 2.3).

2 Model and experimental set-up

Here the computer model set-up is presented, incorporating
its development (Sect. 2.1), configuration (Sect. 2.2) and run-
ning (Sect. 2.3). The design and execution of long-term fu-
ture carbon-cycle perturbation experiments involves a two-
stage model spin-up (Sect. 2.4). Finally, visualisation and
some analysis of the results of said experiments is briefly
discussed (Sect. 2.5).

2.1 Model development

The GENIE Earth system Model of Intermediate Complexity
(see Sect. 1.4) is the framework for the RokGeM weathering
model. The bulk of GENIE, containing the science modules,
is written in Fortran (either FORTRAN 77 or Fortran 90),
using code from prior stand-alone models. For this reason,
and to aid compatibility, RokGeM was written in Fortran
90. A template was created based on the file and directory
structure of AtChem, BioGeM and SedGeM. Thus in
genie-rokgem, there is a directory src/fortran con-

taining files for parameter definitions (rokgem_lib.f90),
subroutines for handling input and output of data
(rokgem_data.f90), and subroutines for model
calculations (rokgem_box.f90), as well as files for ini-
tialisation (initialise_rokgem.f90), time-stepping
(rokgem.f90) and shutdown (end_rokgem.f90) of the
model. A directory data/input contains input files for
the model: geographical information used for river routing
of weathering fluxes (see Sect. 3.5); lists of constants and
arrays of lithological data for the 2-D weathering schemes
(Sect. 3.6); and arrays of data used for calibrating model
input parameters to data.

Following software development best practice, the ver-
sioning system Subversion was used. Versioning systems
allow changes to files to be tracked, and earlier versions
to be reverted to at any time, as well as the branching
and merging of files, and directory structures. They are
indispensable for large software projects, including the
development of models containing large code bases, such as
GENIE. The Subversion repository for the GENIE project
is held on a secure server at the University of Bristol (https:
//svn.ggy.bris.ac.uk/websvn/listing.php?repname=genie;
username=genie-user, password=g3n1e-user). The main
“trunk” of the code base was “branched”, creating
greg-s_branch for the purposes of developing RokGeM.
Regular commits of the code were performed over the course
of development to provide both a record, and a means for
reversion to earlier versions of code. After significant
developments, the development branch was merged back
into the trunk, allowing other GENIE users and developers
to use the RokGeM model. Also, the trunk was merged
back into the development branch at regular intervals in
order to avoid incompatibilities causing conflict. In this
respect, the suite of tests developed for GENIE were also
run before each committal of code to the repository, to
minimise the risk of bugs finding their way into the model.
The model runs presented in this paper are run using
the versions of GENIE contained in greg-s_branch
Revs 5439-6324 https://svn.ggy.bris.ac.uk/websvn/listing.
php?repname=genie&path=%2Fbranches%2Fgreg-s_
branch%2F&rev=6324. There is minimal change to model
output across this span of versions. A tagged release –
tags/Greg_Colbourn_PhD_thesis – https://svn.
ggy.bris.ac.uk/websvn/listing.php?repname=genie&path=
%2Ftags%2FGreg_Colbourn_PhD_thesis%2Fis provided in
the svn repository for posterity.

2.2 Model configuration

The model was configured using the config files ge-
nie_eb_go_gs_ac_bg_sg_rg and worbe2_fullCC_(0-3) and
the process described in Sect. 2.3 below (and Appendix
A1.3). This configuration, based on the original GENIE-1
(Sect. 1.4), has 36×36 land grid cells and 8 depth levels in the
ocean. Climate CO2 feedback was switched on, and “tracers”

Geosci. Model Dev., 6, 1543–1573, 2013 www.geosci-model-dev.net/6/1543/2013/

Modular structure of cGENIE (from Colbourn et al. 2001)

Features of cGENIE

• Dynamic, isotope-enabled cycling of C, O,
P, S, Si, (N, Fe), CaNew , SrNew , OsNew , LiNew

• Climate-sensitive terrestrial weathering

• Sediment accumulation/dissolution driven
by benthic chemistry

Metal cycles in cGENIE (Adloff et al. [in prep]) ©Authors. All rights reserved 6



Methods: Transient increase in hydrothermal input

Experiment set-up

• different increase factor: 2, 4, 6, 10 × pre-industrial (PI)

• simulations of increased metal input without C emissions and of combined C and metal
input increases (1, 2 × C:metal ratio in PI hydrothermal systems)

• higher input is sustained for 10, 100 or 500 kyr and is then returned to pre-event value

©Authors. All rights reserved 7



Hydrothermal event (10 kyr) & recovery
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Observations:

• The mantle-derived metal
injection rates we probed are too
small to cause isotopic excursions
in any metal system except Os,
which has the shortest residence
time.

• 187Os/188Os excursions evolve
similarly with (coloured lines,
1×C:metalhyd,PI) and without
(black dotted lines) simultaneous
C emissions
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Hydrothermal event (100 kyr) & recovery
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Observations:

• For 100 kyr-long events, all metal
systems start to show perturbations

• At the same time, metal isotope
excursions in simulations with
(coloured lines, 1×C:metalhyd,PI)
and without (black dotted lines)
simultaneous C emissions start to
differ because of increased metal
delivery from land and dissolving
sediments

,
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Hydrothermal event (500 kyr) & recovery
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Observations:

• For even longer events, all metal
systems are substantially perturbed
by the magmatic input. Increased
metal delivery from land also
affects all isotope systems.

• With simultaneous C emissions
(coloured lines, 1×C:metalhyd,PI)
unradiogenic excursions recover
more quickly than without (black
dotted lines) and positive
overshoots appear during stable
isotope recoveries
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Hydrothermal event (500 kyr) & recovery - larger C emissions (2×C:metalhyd,PI)
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Observations:

• If the C:metal ratio in
hydrothermal emissions is
increased (×2), the previously
noted effects are amplified

• Positive overshoots during
recovery now also occur in
radiogenic systems
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Example 1: C cycle effects on 87Sr/86Sr exursion amplitude

Static CO2 (no extra C emissions):

• Without C cycle feedbacks, there
is a good correlation between
87Sr/86Sr exursion amplitude and
the total amount of Sr emitted
from the mantle

©Authors. All rights reserved 12



Example 1: C cycle effects on 87Sr/86Sr exursion amplitude

Dynamic CO2, 1×C:metalhyd,PI:

• C cycle feedbacks reduce the
87Sr/86Sr exursion amplitude
through increased delivery of
continental Sr
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Example 1: C cycle effects on 87Sr/86Sr exursion amplitude

Dynamic CO2, 2×C:metalhyd,PI:

• C cycle feedbacks reduce the
87Sr/86Sr exursion amplitude
through increased delivery of
continental Sr

• In simulations with doubled C
emissions, the negative 87Sr/86Sr
exursion is reduced by up to 85%.
Interpreting this isotopic excursion
without accounting for the
dampening effect of C cycle
feedbacks would lead to
substantial underestimation of the
magmatic forcing.
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Example 2: C cycle effects on 187Os/188Os peak excursion timing

Static CO2 (no extra C emissions):

• Without C cycle feedbacks, the
187Os/188Os peak excursion occurs
later if the emission is slower

©Authors. All rights reserved 15



Example 2: C cycle effects on 187Os/188Os peak excursion timing
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Dynamic CO2, 1×C:metalhyd,PI:

• Enhanced weathering prevents the
negative 187Os/188Os excursion
from growing further beyond 100
kyr
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Example 2: C cycle effects on 187Os/188Os peak excursion timing
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Dynamic CO2, 2×C:metalhyd,PI:

• A stronger weathering response
further reduces the timing of the
187Os/188Os peak excursion, but
the difference is smaller than
compared to a scenario without
weathering feedback
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What we learned so far

C cycle feedbacks alter metal isotope excursions:

• dampened/increased excursion amplitudes

• earlier excursion peaks

• faster recoveries

• positive overshoots during recoveries

The size of these effects depends on:

• duration of forcing

• C:metal of forcing

• relative sizes of metal fluxes from mantle and run-off

• isotopic offsets between mantle, seawater and run-off

• potential for increasing metal delivery from run-off

m

Forcing

Background state
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Other ongoing work: Simulating past background states
In a model with coupled dynamic C and metal cycles, the background state is more
constrained than in offline models.

Simulating realistic a background state requires
changes in boundary conditions which simultaneously
satisfy differences in C and metal cycle proxies.

Example: Seawater composition and C cycle
were different in Cretaceous

• 187Os/188Os: 0.5 lower (Bottini et al. 2012)

• 87Sr/86Sr: 0.0015 lower (Jones & Jenkyns 2001)

• δ7Li: 6-10‰ lower (Lechler et al. 2015)

• δ44/40Ca: 0-0.2‰ higher (Blättler et al. 2011)

• atmosph. pCO2: 3-5× higher (Naafs et al. 2016)

Effect of changed boundary conditions (BC) on simulated
seawater:

Proxy 187Os/188Os 87Sr/86Sr δ88Sr δ7Li δ44/40Ca δ13C CO2

changing BC 1 = - - - - + -
changing BC 2 + + + - - - +
changing BC 3 + + + + + = +
changing BC 4 - - - - - - -

... ...
Proxy evidence:
PI –> Cretaceous - - ? - = ? +

©Authors. All rights reserved 19



Conclusions

Metal isotope excursions co-evolve with C cycle dynamics in response to external C injections:

• C cycle feedback strength affects shape and amplitude of metal isotope excursions

• Pre-event C cycle state thus also pre-conditions metal isotope response to perturbations

This is particularly relevant if:

• Amount of injected C is large

• C:metal ratio of external sources is high

• External sources stay active across timescales of C cycle feedbacks

⇓
Quantitative constraints on external forcing or internal feedback strength from metal
isotopes can be improved with coupled C- and metal dynamics
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