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An approach to studying the formation of critical bio-organic compounds in the early Earth is to
simulate in the laboratory possible processes that may occur in primitive scenarios. In this context,
it can be studied the evolution of succinic acid in an aqueous media exposed to gamma radiation, as
starting material produced more complex prebiotic molecules. To describe the products generated by
the interaction of the different elements under radiation, there is a mathematical model that considers
chemical reactions as nonlinear ordinary differential equations based on the mass balance of all the
species, that has been implemented here by an agent-based model. In this simulation, each chemical
species involved is considered as an agent that can interact with other species with known reaction
rates, and the radiation is taken as a factor that promotes product formation. The results from the agentbased model are compared with the molar concentrations of succinic acid, and its products obtained in
the lab. Simulation shows the exponential decomposition of succinic acid due to gamma radiation at
room temperature in agreement with the laboratory model.
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1. Introduction
Radiation-induced oxidation reactions play a fundamental
role in the formation and decomposition of critical bioorganic molecules in the early Earth [1-3]. Even when
early Earth conditions are difficult to simulate in the
laboratory, there are few experimental setups studying the
stability and formation of some compounds of biological
importance under a high radiation field [4-6]. Succinic
acid (HOOC-(CH2)2-COOH) is one of the molecules
formed in prebiotic experiments [6], it has been found in
carbonaceous chondrites [7, 8], it is essential in chemical
evolution processes as a starting material for more complex
molecules and participates in the metabolic pathways of
living beings [9].
The goal of this work is to model the decomposition
of succinic acid in an aqueous medium under a high
radiation field. To describe the products generated by the
interaction of the different species involved on succinic acid
decomposition under radiation in an aqueous medium, we
propose a mathematical model that describes the mass balance
of all species involved considering chemical reactions as
nonlinear ordinary differential equations (NODEs) [5, 10].
This model is complicated due to the non-linear character

of the equations that makes the model strongly dependent
on initial conditions, the significant number of reactions
involved, the coupling between equations, and by the fact
that all the NODEs need to be solved simultaneously. To
circumvent these issues, some authors have used MonteCarlo simulations [11], and in previous works, we have
proposed an agent-based model [12-14]. In our model, the
mass-balance equation includes sink terms (all the reactions
leading to destruction) and source terms (all the reaction
rates leading to production), and each chemical species
involved is considered as an agent that can interact with
other species with known reaction rates, radiation is taken
as a factor that promotes a product’s formation/destruction,
and the temperature determines the diffusion speed of the
agents.

2. Experimental Setup
The experimental setup is detailed described on previous
works [15-17]. Succinic acid was crystallized twice from
acetone and from distilled water, and it was dried in a vacuum
oven at 60°C for 3 hours. Oxygen-free aqueous solutions of
0.1 mol dm–3 succinic acid (pH = 2.3) were prepared in
modify glass syringes. The samples were irradiated at room
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temperature (295 K) in a 60Co-gamma source at different
doses, from 0 to 500 kGy. Immediately after the irradiation,
the non-volatile fraction was analyzed as methyl esters,
according to [9]. Gas chromatography/mass spectrometry
(CG-MS) was used to identify the reaction products, in
particular succinic acid concentrations.

3. Mathematical model
Following the kinetics of the chemical reactions induced by
the radiation, it is possible to monitor the concentration of
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the species. These chemical reactions can be modeled through
differential equations that establish the mass balance for each
species involved. The mass balance equations predict the
expected change in the molar concentration of the species
over time, and take into account all of the reaction rates
leading to production (source terms) and to destruction
(sink terms). Here we consider that each balance equation
reflects the interaction of at most 2 species, and that such a
reaction, whatever its rate, must lead to the production or
consumption of a certain species, as proposed on a previous
work [10]:

dN i (t )
= f i + ∑∑rj(,ik) N j (t ) N k (t ) − N i (t ) ∑ri(,mi) N m (t ) , (1a)
dt
j
k
m
where Ni denotes the molar concentration of the i-species at

time t, rj(,ik) is the reaction rate constant for the two-reactive
species j, k, that produce the specie i.fi, the radiolysis term,
is an external source function of the radiation dose intensity
Id, and the bath-temperature T:

5. Chemical radiation induced reaction on
succinic acid
The possible chemical reaction mechanism proposed in [17]
is:

M

f i ( I d ,T ) =

i
Id
−
6.2 ×1011 M i
Gi e 2 N A kT , (1b)
3.6 N A M H 2O

where Mi is the molecular mass of the specie, MH O is the
2
molecular mass of water (18.02 g/mol), NA is the Avogadro
number (6.022×1023 mol), k is the Boltzmann constant
(1.38×10–23 m2kgs–2K–1), and Gi is the radiochemical constant
that gives the number of species i produced when 100 eV are
absorbed by the system (0.47 μmol·J–1 for succinic acid).

4. Agent-based model
The coupled system of Eqs. (1) can be solved using an agentbased model like the prey-predator one that we developed in
previous works [12-14] where we generated a Python code
to evaluate the molar concentrations of each species. In the
code, each chemical species involved is considered as an agent
that can interact with other species with known reaction
rates, radiation is taken as a factor that promotes a product’s
formation/destruction, and the temperature determines the
diffusion speed of the agents. The code initializes a region of
10,000*10,000 pixels, with 100 randomly allocated points
associated with succinic acid. Each position is checked
during the next time instant, if two neighbor species can
react in accordance to eqs. (1), the reaction takes place. The
rate of reaction is determined by the rj(,ik) . After actualizing
the entire net, the procedure is repeated until the steadystate is reached. In the program we can follow the molar
concentration of each species as a function of time.
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Reaction rates are known only for (2a), (2b) and (2d). We
use our agent-based model to evaluate the unknown rates
using experimentally determined concentration values. For
this, we ran the model with different values of unknown
rates until we reached the best experimental approximation
(smallest mean square difference between experimental data
and agent-based model).

6. Results
Our agent-based model is run for different gamma-radiation
doses that induce the chemical decomposition reactions
described in section 5 until the steady-state for succinic
concentration is reached. Comparison of experimental data
and the agent-based model for succinic acid concentration
at different radiation doses is given in Fig. 1.

Figure 1: Succinic acid concentration as function of the gammaray dose intensity. Experimental results are in black while red
points correspond to the steady-state value reached in the agentbased model. Blue line corresponds to the best exponential-decay
fit of simulation points.

Conclusion
Succinic acid reactions induced by gamma radiation at
room temperature were studied and compared with the
concentrations determined by an agent-based model. This
simple and robust model agrees with the experimental results
for low and extreme radiation doses. In the intermediate
region, simulation shows less succinic acid decomposition
maybe due to bad approximation of the unknown reaction
rates, especially for the reaction (2c) that is the most
important.
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Experimental and agent-base model approaches showed
that succinic acid decomposed rapidly (exponential decay)
in an environment with high gamma-radiation, thus, for
the survival of this molecule and its further participation in
the formation of more complex molecules, it is necessary a
protection mechanism as the adsorption in clay minerals.
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