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Abstract
A primordial environment that hosted complex pre- or proto-biochemical activity would 
have been subject to random fluctuations. A relevant question is then: What might be the 
optimum variance of such fluctuations, such that net progress could be made towards a 
living system? Since lipid-based membrane encapsulation was undoubtedly a key step in 
chemical evolution, we used a peptide-micelle system in simulated experiments where 
simple micelles and peptide-stabilized micelles compete for the same amphiphilic lipid 
substrate. As cyclic thermal driver and energy source we used a thermochemical redox 
oscillator, to which the micelle reactions are coupled thermally through the activation 
energies. The long-time series averages taken for increasing values of the fluctuation vari-
ance show two distinct minima for simple micelles, but are smoothly increasing for com-
plex micelles. This result suggests that the fluctuation variance is an important parameter 
in developing and perpetuating complexity. We hypothesize that such an environment may 
be self-selecting for a complex, evolving chemical system to outcompete simple or para-
sitic molecular structures.

Keywords  Fluctuations · Stochasticity · Prebiotic complexity · Peptide-micelles · 
Thermochemical oscillator · Arrhenius rates

Introduction

The milieu for the origin of life is assumed to have been physically and chemically 
complex over a range of time and space scales, or ‘messy’ (Szostak 2011; Powner and 
Sutherland  2011; Vasas et  al.  2012; Cronin  2020; Bartlett and Beckett  2019), yet, in 
order to develop understanding as modellers, we are often constrained to study simpli-
fied versions of processes that likely were involved in the progression from chemistry to 
biology (Cronin 2020). In this context we describe and interrogate here a model proto-
biochemical system under proxy complex conditions.
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This ‘messy’ quality of the primordial environment usually refers imprecisely to the 
untidiness of nature. Specific studies may invoke chemical heterogeneity and reaction 
network complexity (Islam and Powner 2017); others focus on the dynamics of noise, for 
example Krakauer and Sasaki (2002) found that environmental noise makes evolution of 
replicators by mutation more likely. It is also known that large-scale structure and patterns 
in biology emerge from small-scale fluctuations (Frank 2009). But is ‘any old mess’ suf-
ficient for life to emerge from chemistry? This is an important problem in origin of life 
research, because of the potential value of more precise direction in extraterrestrial habit-
ability searches and the design of laboratory experiments.

In previous works we have stressed the potential importance of thermal messiness, and 
have modelled it as Gaussian fluctuations with fixed variance incident on a prebiotic ther-
mochemical system (Ball and Brindley 2017, 2020). Our aim here is to draw some bounds 
on ‘messiness’ and we define this concept more precisely with respect to a particular prebi-
otic system by building up a picture of the behaviour of a peptide-micelle network under 
Gaussian fluctuation distributions of differing variance between simulations. We find that 
outcomes are dependent on the fluctuation variance and locate an optimum range of the var-
iance that favours production of peptide-stabilized micelles over unstable simple micelles.

That the origin, persistence and sustenance of life must have taken place in a far from 
equilibrium environment now is accepted almost universally. However, although a non-
equilibrium milieu in stable steady state can maintain a status quo it offers little oppor-
tunity for life’s elaboration and incorrigible inventiveness, and there is now broad rec-
ognition in the literature that such a far from equilibrium environment at the origin of 
life must have functioned dynamically rather than in steady state (Wang et al. 2016; Keil 
et al. 2008; Kitadai and Maruyama 2018).

In this context, cyclical processes are believed to be advantageous, if not essential, for 
complex chemistry to evolve and persist (Bywater 2009; Spitzer 2013; Varfolomeev and 
Lushchekina  2014), and several plausible prebiotic scenarios involving a thermally (and 
possibly pH) cycling environment have attracted extensive support and investigation (Wang 
et  al.  2016). Thermo-convective circulations in the pores of oceanic hydrothermal vents 
as a dynamic environment for the evolution of an ‘RNA world’ have been widely mod-
elled and experimentally investigated, and fulfil many of the requirements (Keil et al. 2008; 
Kitadai and Maruyama 2018); other researchers have favoured evaporation/condensation 
cycles in hot spring or intertidal pools (Egel  2009), a scenario which may alleviate the 
putative dehydration/concentration problem of polymerisation.

Evolution from the disorganised ‘soup’ (Patel et al. 2015; Saladino et al. 2018) of the 
very early days of the Earth’s existence to the ‘RNA world’ inevitably must have involved 
many other chemical species. There is now a growing consensus that RNA, peptides 
and protocells most likely evolved together (Bracher 2015; Petrov et al. 2015; Islam and 
Powner  2017; Canavelli et  al.  2019; Pascal and Chen  2019; Frenkel-Pinter et  al.  2020). 
Deamer and co-workers (Segré et al. 2001; Deamer 2017) have postulated a ‘lipid world’, 
where amphiphile-made surfaces and vesicles played a key role in protocell emergence, and 
the prebiotic importance of lipids has received considerable experimental support (Fiore 
et al. 2017; Colomer et al. 2020; Joshi et al. 2021). Here we are interested in eliciting the 
dynamics that may have favoured these early chemical associations that led to the transition 
to biology, particularly the evolution of membranes and development of cellularity.

Bearing in mind these various considerations, for our simulations we have developed  
a model in which the chemistry occurs in far from equilibrium conditions and the energy source 
is a periodic thermal drive provided by a comingled redox reaction, the THP (thiosulfate- 
hydrogen peroxide) thermochemical oscillator. We have used the THP oscillator in  
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earlier work as provider of the necessary dynamical drive for RNA replication (Ball and 
Brindley 2014, 2015) and a model prebiotic metabolism (Ball and Brindley 2020). Here 
we use it to drive a nonspecific lipid-peptide system that is simple enough to be demonstra-
tive and complex (but not complicated) enough to be relevant to a prebiotic scenario. To an 
amphiphilic lipid solution we introduce simple peptides, which star in ‘peptide world’ or 
‘metabolism first’ origins hypotheses. Peptides may have amphiphilic or lipophilic proper-
ties, and their association with and stabilization of lipid membranes is thought to have been 
important in ancient proto-cellular systems (Bywater 2009; Egel 2009).

The model is described in detail in the next section, followed by results and discussion, 
and we summarise our conclusions in the final section.

Model and Assumptions

We envisage a reacting system housed in an open dissipative flow cell of volume V, which 
may model, for example, reactions in porous media far from equilibrium. The setup, as 
described and modelled below, is sketched in Fig. 1. The THP reagents hydrogen peroxide and 
thiosulfate, in aqueous solution, are supplied continuously to the cell where they undergo the 
deep oxidation,

Fig. 1   Schematic representation 
of the open dissipative flow cell 
modelled by Eqs. (9)–(17). The 
cell can exchange heat with its 
surroundings, a thermal bath 
subject to fluctuations. In (a) 
the redox reactants of (1) are 
supplied to the cell, establishing 
thermal oscillations. In (b) the 
amphiphile A and small peptides 
B also are supplied; the thermal 
oscillations drive formation 
of active peptides P, simple 
micelles M and peptide-micelles 
MP
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Reaction (1) is highly exothermic, releasing some 47  kJ/g. In a non-adiabatic cell with 
continuous feed it may develop and sustain thermal relaxation oscillations which have been 
well-characterised, having been studied experimentally first by Chang and Schmitz (1975). 
The phenomenology is due to the high specific heat capacity of the reaction medium, which 
usually (although not necessarily) is aqueous solution. As reaction proceeds the cell tempera-
ture barely rises because the reaction heat excites mostly the intermolecular vibrational modes. 
When those modes become saturated, heat is released and the temperature spikes. Localised 
depletion of reactant then damps the reaction and the temperature declines, before stabiliz-
ing. Accumulation of reactant from the inflow begins the cycle again, and this behaviour may 
continue for as long as reactant is supplied to the cell. This, the potential energy stored during 
‘charge-up’ in the quantized intermolecular modes of the medium, is the primary drive for 
the prebiotic reactions co-housed in the cell, described below. (Possible sources of thiosul-
fate and hydrogen peroxide on the early Earth were reviewed in our earlier work (Ball and 
Brindley 2014)).

The prebiotically relevant molecular system that we consider here is the formation of 
peptide-stabilized micellar or vesicular species, referred to henceforth as peptide-micelles. 
To the simulated cell (Fig. 1) we supply continuously an amphiphilic lipid or surfactant spe-
cies, A, which forms micelles (or vesicles), M, autocatalytically (Bachmann et al. 1992; Ball 
and Haymet 2001; Morrow et al. 2019; Engwerda et al. 2015):

where (4) represents decay of M. The continuous feed supplies also an inactive small 
peptide B which forms, by condensation of carboxylic and ammonium groups, an active 
lipophilic peptide species P (Brack  1993; Sproul  2015; Lopez and Fiore  1988; Serov 
et al. 2020; Frenkel-Pinter et al. 2020):

The active peptide P condenses with surfactant A, or inserts itself into existing micelles, to 
form peptide-micelles MP , which also may decay:

In the hypothesized prebiotic setting there is no efficient enzyme catalysis and when the 
only operational catalysts are metal ions and surfaces, activation energies are non-negligible. 

(1)Na2S2O3 + 2H2O2

k1
⟶

1

2
Na2S3O6 +

1

2
Na2S O4 + 2H2O.

(2)A
k2
⟶ M

(3)A + 2M
k3
⟶ M

(4)M
k4
⟶ A,

(5)B
k5
⟶ P.

(6)P + A
k6
⟶ MP

(7)P +M
k7
⟶ MP

(8)MP

k8
⟶ decay products.
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Therefore, for reactions (1)–(8) the overset rate constants ki(i = 1… 8) are assumed to have 
Arrhenius dependence on temperature T,

where the zi are reaction frequencies, the Ei are activation energies, T is the temperature 
and R is the gas constant. We use mass balances as follows for evolution of the species in 
(1)–(8):

where x, y, a, b, p, m and mp are dimensionless concentrations of thiosulfate, hydrogen 
peroxide, A, B, P, M and MP species respectively (normalized to the input concentration of 
hydrogen peroxide), and � = F∕V  , F is the volumetric flow rate.

The following enthalpy balance accounts for evolution of the temperature in the cell:

where C̄ is the volumetric specific heat, L is the heat loss surface area multiplied by the 
wall thermal conductivity, subscript ‘a’ refers to ambient or environmental conditions, 
and ΔH is the reaction enthalpy due to (1). (Specific reaction enthalpy contributions from 
(2)–(8) are assumed relatively negligible.) To simulate a thermally ‘messy’ medium, the 
ambient (or thermal bath) temperature T̃a is perturbed as

where T̄a is the mean and �Ta is the normally distributed random fluctuation with vari-
ance �.

The reactant concentrations in Eqs. (10)–(16) are coupled dynamically to the tempera-
ture as it is governed by Eq. (17), for non-zero activation energies as indicated in Eq. (9). 

(9)ki ≡ ki(T) = zi exp(−Ei∕RT),

(10)
dx

dt
= −k1(T)xy + �

(

xa − x
)

(11)
dy

dt
= −k1(T)2xy + �

(

ya − y
)

(12)
da

dt
= −k2(T)a − k3(T)m

2a + �
(

aa − a
)

(13)
dm

dt
= k2(T)a + k3(T)m

2a − k4(T)m − �m

(14)
db

dt
= −k5(T)b + �

(

ba − b
)

(15)
dp

dt
= k5(T)b + k3(T)m

2a − k4(T)m − �p

(16)
dmp

dt
= k6(T)ap + k7(T)pm − k8(T)mp − �mp,

(17)C̄
dT

dt
= (−ΔH)k1(T)xy −

(

𝜑C̄ + L∕V
)(

T − T̃a
)

,

(18)T̃a ≡ T̃a(t) = T̄a + 𝛿Ta(t),
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For computational and comparative purposes it is convenient to define dimensionless acti-
vation energies relative to that for the THP reaction R1, as �i = Ei∕E1 , with numerical val-
ues given in Table 1. (In the absence of of reported experimental rate data, absolute values 
of the activation energies for reactions (2)–(8) were assigned on the basis of theoretical 
ranges for the reaction class, and dimensionless reaction frequencies (normalized to that 
for reaction (1)) were set equal to 9).

This system differs from others where forced thermal cycling is imposed externally, 
such as the model for simplified polymerase chain reaction in Barratt et  al. (2010), 
laboratory syntheses of glycine peptides in Lahav et al. (1978) and Serov et al. (2020), 
and the model chemical systems in Osipovitch et  al. (2009) designed to study Par-
rondo’s paradox. In contrast, we set values of the independent parameters L, � and T̄a 
so that internal oscillations would develop spontaneously and be self-sustained. An 
advantage of internally self-consistent thermal cycling is that the system is not depend-
ent on capricious external forcing in nature (or selective human interference in the 
laboratory).

The ambient stochastic fluctuations �Ta in Eq. (18) affect the amplitude of the thermal 
oscillations in the cell, as represented in Fig. 1. This is a significant shift in focus from 
that in Simakov and Peŕez-Mercader (2013), where stochastic fluctuations were applied to 
a generic thermochemical oscillator in the steady state regime to induce oscillations, and 
crucial in the context of prebiotic molecular complexity and evolution. Here, as discussed 
in the Introduction, we are interested in the effects of stochasticity on the dynamics, i.e., in 
the fully developed oscillatory regime.

Results and Discussion

Equations (10)–(17), using Eqs. (9) and (18), were integrated using a stiff integrator with 
adaptive time step. The resulting time series data were captured after more than 106 time 
steps, for which numerical experiments showed that initial conditions were ‘forgotten’. 
Average quantities were calculated from very long time series, ≥ 108 time steps from com-
mencing data capture.

The variance � is a measure of the temperature range of the ambient stochastic fluctua-
tion �Ta in Eq. (18). The major question asked in this work is: How does the magnitude of 
the variance affect the relative production of unstable, simple micelles M and stabilized 
peptide-micelles MP?

For heuristic purposes we present first an example time series window, computed in 
the oscillatory regime for a moderately high input fluctuation variance � = 1.5 (Eq. (18)), 
shown in Fig. 2 rendered for the temperature (a), simple micelle concentration m (b) and 
peptide-micelle concentration mp (c).

Reaction (1) produces the oscillating temperature time trace in (a), irregularly modi-
fied by the perturbed input (Eq. (18)). The concentrations m and mp in (b) and (c) follow 

Table 1   Dimensionless activation energies for reactions (1)–(8), as used in the computations, defined as 
�i = Ei∕E1

 , where i = 1… 8 and E
1
= 68 kJ/mol

�
1

�
2

�
3

�
4

�
5

�
6

�
7

�
8

1 1.1 0.9 0.8 1.2 0.9 0.8 1.3
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the temperature. Occasional high temperature excursions, above 350 K for example, are 
exhibited in (a).

The fluctuations of temperature amplitude in Fig. 2a are distributed as given in the 
histogram in Fig.  3. This result — that normally distributed fluctuations of the ambi-
ent temperature produce a right-weighted distribution of fluctuations of the oscillation 
amplitude — was obtained first in Ball and Brindley (2020), but it is important to re-
present it here in the context of the question posed in the title. In general the distribution 
in Fig. 3 implies that over time, high temperature, high activation energy synthetic reac-
tions must be favoured over the reverse, low activation energy degradations, thus com-
plex prebiotic processes are enabled. For the current system we may expect production 
of the active peptide P (reaction (5)), having the high relative activation energy �5 = 1.2 
(Table  1), to lead to significant production of peptide-micelles MP (reactions (6) and 
(7)) at the expense of simple micelles M (reactions (2)–(4)).

Fig. 2   Example time series window from integration of Eqs. (9)–(18) in the oscillatory regime, with 
� = 1.5 . The data are rendered in terms of (a) the temperature T, (b) normalised concentration of simple 
micelles m ( ×103 ), and (c) normalised concentration of peptide micelles mp ( ×10)

Fig. 3   Histogram of fluctua-
tions of the oscillation amplitude 
fluctuations, �Tosc , of reaction 
(1) in the cell, produced by 
a normally distributed input 
fluctuation according to Eq. (18). 
The bins contain a total of 3754 
cycle maxima from a continuous 
time series. The preponderance 
of high temperature excursions 
allows high activation energy 
synthetic reactions to prevail over 
low activation energy hydrolysis 
or degradation reactions
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Our main results concern the the effects of the variance � on production of simple 
micelles and peptide-micelles, and are presented in Figs. 4 and 5. For these data we took 
concentration averages of simple micelles and peptide-micelles, denoted m(av) and mp(av) 
respectively, from computed long time series for values of � from 0 to 2.

•	 The data points plotted in Fig. 4 were obtained by setting k5 , k6 , k7 and k8 equal to zero 
in Eqs. (14)–(16). This turns off production of peptide-micelles MP and we can study 
the effects of the fluctuation variance on the simple micelle system, consisting of just 
one reactant A and one product M. The average micelle concentration m(av) appears con-
stant for mild fluctuations then rises after � ≈ 0.4 , becoming flatter at higher values of 
� . However, this in itself is a counter-intuitive result. Why should the concentration of 
simple micelles continue to increase as the fluctuations become more violent and high 
temperature excursions become more frequent? Since the relative activation energy for 
the decay (4) is lower than those for (2) and (3) (Table 1), one might naively expect 
m(av) to decrease with increasing � . In fact, more violent fluctuations also allow for 
more frequent temperature excursions to very low temperatures (see Fig. 2a); the rise 
in m(av) then is due to greater availability of A before it is removed by the outflow. But 
the gradual attenuation of this rise for � ⪆ 1.2 suggests that simple micellization is not 
sustainable in a violently fluctuating medium.

•	 The data used for Fig.  5 are obtained from simulations of the entire peptide-micelle 
system in Eqs. (10)–(16), using the relative activation energies given in Table  1, for 
different values of the variance � . Here, simple micelles and peptide-micelles both are 
present in the cell, thus m(av) (a) and mp(av) (b) are plotted for each value of � . The aver-
age temperature of the cell T(av) at each value of � was also recorded, and plotted onto 
(b) (where the straight red lines joining the data points are purely to guide the eye—
they are not interpolated or ‘fitted’ in any sense). We note that the average tempera-
ture T(av) , (b), remains constant within half a degree so reactions are governed statisti-
cally by the temperature fluctuations. Let us consider the data in Fig. 5a, b over discrete 
ranges of �.

•	 � ⪅ 0.4 : In (b), mp(av) remains nearly constant because high-temperature fluctuations 
are rare and consequently the active peptide P is produced very slowly from reaction 
(5), although in (a) there is a corresponding decline in m(av) due to direct ‘theft’ of 
the amphiphile A by (6).

•	 0.5 ⪅ � ⪅ 0.75 : In (b) mp(av) appears to increase linearly, due to increasing availabil-
ity of peptide as high-temperature fluctuations become more frequent. In (a) m(av) 

Fig. 4   The average micelle con-
centration m(av) is plotted against 
the variance � . In the simulations 
for the data in this plot simple 
micelles M only are produced 
(i.e., the active peptide P is not 
produced)
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also rises, steeply to a maximum, despite competing for the same substrate A. This 
occurs because, although availability of peptide for reaction (6) is increasing, the 
competition still allows substantial consumption of amphiphile by (3) and (4).

•	 0.75 ⪅ � ⪅ 1.5 : The inevitable happens — in (a) m(av) declines to a deep minimum 
while in (b) mp(av) continues to rise as increasing production of active peptide by (5) 
allows the more stable peptide-micelles to predominate, consuming both A and M 
by (6) and (7).

•	 1.5 ⪅ 𝜎 < 2 : Although the scatter in this region inevitably is large, the trends in m(av) 
(a) and mp(av) (b) are still clear. The rise evident in m(av) for values of � ⪆ 1.7 again 
reflects that violent fluctuations, counterintuitively, can allow low activation energy 
reactions to proceed to significant degree.

Fig. 5   Behaviour of the full system, reactions (1)–(8), where m(av) (a) and mp(av) (b) are plotted with respect 
to the variance � . In the simulations for the data in in these plots both simple micelles M and peptide-
micelles MP (b) are produced competitively. In (b) the average temperature is also plotted, with scale at 
right
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What do these results imply about the nature and quality of an origin of life environment? 
From a coarse view of the results we can say that moderate thermal stochasticity seems 
beneficial for chemical evolution towards more complex systems, in this case exerting an 
overall effect of increasing production and persistence of peptide-micelles at the expense of 
simple micelles. But (of course) the devil, or the spark of life, is in the detail.

Across � ≈ 1.3–1.7 in Fig. 5a, m(av) is significantly depressed over that for a non-stochastic 
system (i.e., for � = 0 ) and for mild stochasticity. In (b) across this region mp(av) continues to 
rise steadily, well above its value for � = 0 and for mild stochasticity. This moderately high 
range of the ambient fluctuations appears to offer the greatest potential for an evolving peptide-
micelle system to out-compete a simple micelle system. We may express this important obser-
vation in a different way: Over this range, the ambient fluctuations effectively dampen reaction 
(3) and enhance reaction (5).

However, as always with complex dynamical systems, there are tradeoffs to be made. 
A stable peptide-micelle system subject to high thermal fluctuations may be sacrificed 
to hydrolysis of the peptide (a process not included in this model), or thermal disruption 
of the peptide-micelles (not observed to any significant extent due to the high activation 
energy used for this process, (8)), or compromised by nuisance high concentrations of less 
stable pure micelles or parasites.

Yet, on the other hand, the non-linear effects of ambient thermal stochasticity on com-
peting reactions engender some redundancy that can provide a fallback position, increasing 
the reliability of a complex molecular system, or allowing a holding pattern to be main-
tained. Another optimum point for MP production would appear to be around � ≈ 0.3–0.4 
in Fig. 5. In this region we have a local minimum in m(av) (a) and steady, if low, mp(av) . This 
low-fluctuation regime could well act as a safe harbour for continued production of MP 
when the high-fluctuation regime fails for any reason — temporary invasion of a parasitic 
but non-functional species perhaps. Such ‘failsafe’ redundancy is characteristic of robust 
living systems, and these results suggest that it may have developed earlier as a feature of 
prebiotic nonequilibrium chemistry. Redundancy is only possible in a complex system, and 
and we note that it is present already in this minimally complex one.

We know from the right-weighted distribution in Fig. 3, and from the results of Ball 
and Brindley (2020), that the output thermal fluctuations may favour, statistically, synthetic 
reactions and complexification over degradation and simplification. The new results dis-
cussed above add an important dimension to this knowledge by informing us of the effects 
of the variance of the ambient — or input — fluctuations, given by Eq. 18, on the reacting 
system. These results tell us that even though the output fluctuation distribution may be 
favourable, the input fluctuation variance also must be optimal for a dynamical complex 
molecular system to persist and grow.

Summary and Conclusions

We have shown that 

1.	 For a competitive peptide-micelle system in a stochastic thermal bath driven by a ther-
mochemical oscillator the outputs depend non-linearly on the fluctuation variance. At 
moderately high fluctuation levels production of complex peptide-micelles prevails at 
the expense of simple micelles. Low fluctuation levels may provide a refuge for peptide-
micelles to be maintained under adverse conditions.
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2.	 For a small range of medium-level fluctuation levels simple micelles may prevail over 
peptide-micelles. Although the literature cited in the Introduction agrees that a stochastic 
environment favours complexification of prebiotic chemistry, this suggests that some 
fluctuations are better, or worse, than others at promoting complexity. In other words, 
the fluctuation variance is an important parameter.

3.	 A qualified answer to the question of whether the messiness of nature may have been 
actually a necessary condition for prebiotic systems to emerge and persist is affirmative 
and, more specifically, is that nature may have selected environments subject to fluctua-
tions of optimal variance during the early stages of polymer selection and evolution.

It is important to note that our results are based on a specific set of activation energies 
which are not unreasonable for the reactions (2)–(8). But the Arrhenius temperature 
dependence of reaction rates (Eq. (9)) is very sensitive, as is well-known, and becomes 
more so the higher the activation energy. We might expect the picture in figure reffigure5 to 
change, perhaps dramatically, for reactions having different relative activation energies. It 
does, however, seem likely that the sensitivity to fluctuations exhibited in our model system 
will be a feature of all relevant reacting systems, thus providing nature with a rich variety 
of options from which to choose. This may provide an answer to the often-pondered ques-
tion: ‘Why did nature select those reactions, and those reactants, for life?’ Nature simply 
may have selected those of which the activation energies allow complexification to prevail 
over simplification in a stochastic environment and competitive milieu.

In forthcoming work we investigate the effects of input stochasticity on prebiotic reac-
tions subject to isothermal, purely chemical or pH, oscillations driven by flow kinetic 
energy rather than internal-mode potential energy, in recognition of the fact that such sys-
tems must have evolved from thermal to pH drive — which has persisted universally in the 
living cell.
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