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Short abstract: We present a multi-component reactive transport treatment of rate-dependent isotopic fractionation 
factors stemming from biologically catalyzed redox reactions. Variable fractionation arises from the balance between 
three fractionating components of the thermodynamically and isotopically consistent Monod rate expression. This 
approach supports treatment of isotope fractionation in systems which transition from nutrient rich to nutrient limited 
conditions. 
 
Abstract 

In near-surface environments, redox reactions are commonly catalyzed by microbial populations associated 
with characteristically large stable isotope fractionation.  This isotopic partitioning is widely utilized as a signature of 
metabolically driven reactivity, and is often combined with solute concentrations to quantify the extent of redox 
transformations in a diverse range of applications.  Recent studies have incorporated stable isotopes as explicit 
components within numerical reactive transport models and demonstrated the utility of such an approach in 
deconvoling complex subsurface biogeochemical reactivity (Jamieson-Hanes et al., 2012, Druhan et al., 2012, 2014; 
Hubbard et al. 2014; Wanner et al., 2015). These models function by implementing fractionation factors through slight 
differences in the kinetic rate constants of the two isotopologues of interest.  Thus, by definition, these fractionation 
factors are also constant and the extent to which they follow classic distillation or Rayleigh models is predicated on 
the type and variety of compounding effects influencing the concentration of solutes in the model (e.g. dilution, 
competing reactions, mixing of multiple sources).   

In contrast, many experimental datasets (e.g. Rees 1973; Kaplan & Rittenberg, 1964) have demonstrated that 
the observed fractionation factor resulting from biologically mediated reactions is variable, and appears to change as 
a function of the rate of the overall reaction.  This apparent alteration of the observed fractionation factor has been 
described using metabolic models which explicitly treat each fractionating reactive step, or branching point, within an 
individual microorganism as electrons are transferred between oxidants and reductants (Wing and Halevy, 2014; Antler 
et al. 2017). While these models can successfully generate observed variability in the overall fractionation factor 
resulting from differences in the rate limiting step of the reaction, they require extensive parameterization and have 
only been applied to individual microbial populations under highly controlled growth conditions.  Thus, to date, rate-
dependent variations in microbially-generated isotopic fractionation have yet to be treated in any multi-component 
reactive transport framework. 
 
 In the present study, we present a series of models designed to provide a quantitative prediction of stable 
isotope fractionation subject to a variable fractionation factor using an isotope-specific derivation of a Monod rate 
expression.  Variability in the overall fractionation factor is generated through the combination of fractionations 
associated with the maximum specific growth rate, the half saturation constant and the thermodynamic factor, where 
the latter balances the overall energy available from the redox reaction with the synthesis of ATP (Jin and Bethke, 
2003).  These simulations are constrained against a series of batch incubation and through-flowing column datasets for 
sulfur isotope fractionation associated with microbially mediated sulfate reduction.  The results of which indicate that 
a rate-dependent variable fractionation factor is necessary in order to accurately quantify isotope partitioning for a 
reasonable range of reduction rates ranging from nutrient rich (e.g. bioremediation) to nutrient limited (e.g. deep 
aquifer) conditions. 
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