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AbstrAct

Research over the last four decades on carbonate rocks of the Water-
ville limestone, Maine, U.S.A., has contributed to the development of 
both concepts and methodologies for understanding fluid-rock interac-
tion during regional metamorphism, including: (1) buffering of fluid 
composition by mineral reactions, (2) infiltration of carbonate rocks by 
aqueous fluids, (3) petrologic fluid-rock ratios, (4) infiltration-driven 
metamorphism, (5) one- and two-dimensional continuum models for 
coupled fluid flow and mineral reaction, (6) time-integrated fluid fluxes, 

and (7) channelized, horizontal fluid flow in the direction of increasing temperature within chemically 
isolated layers. Disagreement between the last concept and both hydrodynamic models for metamorphic 
fluid flow and empirical evidence for homogenization of fluid composition at a scale much larger than 
layer thickness motivated development of the latest models for coupled fluid flow and mineral reaction 
in the Waterville limestone. The new models consider a flow medium composed of layers that differ 
in the initial amounts and compositions of minerals, both horizontal flow in the direction of increas-
ing temperature and vertical flow in the direction of decreasing pressure and temperature, significant 
but imperfect homogenization of fluid composition across layering by CO2-H2O interdiffusion, and 
infiltration by fluids that are spatially variable in composition on the kilometer scale with CO2 content 
increasing with increasing grade of metamorphism. The new models reproduce measured progress 
of the biotite-forming reaction in the Waterville limestone over a range of spatial scales spanning six 
orders of magnitude, from differences in reaction progress of up to a factor of ~100 between adjacent 
centimeter-thick layers to the coexistence of mineral reactants and products over a distance of ~13 
km parallel to the metamorphic field gradient. Results imply that the present spatial distributions of 
reaction progress represent a steady state achieved when rocks closely approached equilibrium with 
the infiltrating fluid during metamorphism. The new models resolve what for many years appeared to 
be fundamental discrepancies among petrologic data for regionally metamorphosed carbonate rocks, 
hydrodynamic models of regional metamorphism, and the length scales of mass transport of volatiles 
across layering by diffusion.
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IntroductIon And hIstorIcAl bAckground 
Studies of decarbonation reactions and the CO2-bearing fluids 

that they produce have played a vital role over the last century 
in development of the current understanding of metamorphism. 
As reviewed by Evans (2007), estimation of the P-T conditions 
of the equilibrium among calcite, quartz, wollastonite, and CO2 
was the first thermodynamic calculation applied to a signifi-
cant problem in metamorphic petrology (Goldschmidt 1912). 
Although ignoring molar volumes of the minerals and suffering 
from inaccurate enthalpy, entropy, and heat capacity data and 
an absence of P-V-T data and fugacity coefficients for CO2 
(Goldschmidt assumed ideal gas behavior), the calculated P-T 
curve, surprisingly, lies within 100 °C of one computed from a 
modern geochemical database (Berman 1988, updated 1992) 

over the P range 1000–10 000 atm. The result remained one of 
the few credible estimates of the temperatures of metamorphism 
for more than 30 yr. From a contemporary perspective, however, 
the principal shortcoming in any application of Goldschmidt’s 
calculation is that metamorphic fluids normally contain only a 
small mole fraction of CO2 (XCO2).

Moving forward in Evans’ (2007) review, a second milestone 
in the development of metamorphic petrology that emerged from 
study of decarbonation reactions was Bowen’s (1940) naming 
and explication of the concept of a petrogenetic grid using 13 
decarbonation reactions as an example (see also Essene 1982). 
Furthermore, Bowen’s remarkable paper (1) recognized that 
progressive metamorphism of siliceous carbonate rocks was 
a process of progressive decarbonation, (2) provided the first 
rigorous analysis of the relationship between rock composition 
and mineral assemblage on triangular composition diagrams in 
divariant regions between univariant reaction curves, and (3) 
made remarkable predictions about occurrences of calc-silicate 
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