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We undertake thermodynamic pseudosection modeling of metacarbonate rocks in the Wepawaug Schist,
Connecticut, USA, and examine the implications for CO, outgassing from collisional orogenic belts. Two
broad types of pseudosections are calculated: (1) a fully closed-system model with no fluid infiltration
and (2) a fluid-buffered model including an H,O-CO, fluid of a fixed composition. This fluid-buffered
model is used to approximate a system open to infiltration by a water-bearing fluid. In all cases the fully
closed-system model fails to reproduce the observed major mineral zones, mineral compositions, reaction
temperatures, and fluid compositions. The fluid-infiltrated models, on the other hand, successfully
reproduce these observations when the Xco, of the fluid is in the range ~0.05 to ~0.15. Fluid-infiltrated
models predict significant progressive CO; loss, peaking at ~50% decarbonation at amphibolite facies.
The closed-system models dramatically underestimate the degree of decarbonation, predicting only ~15%
CO; loss at peak conditions, and, remarkably, <1% CO; loss below ~600°C. We propagate the results
of fluid-infiltrated pseudosections to determine an areal CO, flux for the Wepawaug Schist. This yields
~10"2 mol CO; km—2 Myr~!, consistent with multiple independent estimates of the metamorphic CO;
flux, and comparable in magnitude to fluxes from mid-ocean ridges and volcanic arcs. Extrapolating to
the area of the Acadian orogenic belt, we suggest that metamorphic CO, degassing is a plausible driver
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of global warming, sea level rise, and, perhaps, extinction in the mid- to late-Devonian.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Since the turn of the twentieth century, the scientific com-
munity has recognized the global carbon cycle’s effect on Earth’s
climate (Arrhenius and Sandstrom, 1903; Chamberlain, 1899). Geo-
chemical box models (e.g. Berner, 1989) are commonly used to
understand the mass balance associated with carbon cycling. While
these models continue to improve, our progress in understanding
the history of the global carbon cycle is ultimately limited by our
knowledge of carbon fluxes in the past. In particular, the addi-
tion of CO, to the atmosphere via metamorphic processes remains
poorly constrained. With estimates for the metamorphic carbon
flux varying by well over an order of magnitude (e.g. Dasgupta
and Hirschmann, 2010; Hayes and Waldbauer, 2006; Keleman and
Manning, 2015; Kump et al., 2000), it is clear that more observa-
tional constraints are needed.

Decarbonation can be significantly enhanced by the infiltra-
tion of a water-bearing fluid during prograde metamorphism (e.g.
Ferry, 1976, 1992, 1994, 2016; Ferry et al., 2013; Kerrick, 1977).
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Infiltration of H,O lowers the activity of CO; in the fluid which
drives reaction progress and increases CO, production as the sys-
tem attempts to return to equilibrium (e.g. Kerrick, 1977). These
CO,-producing reactions are strongly dependent on fluid compo-
sition and cannot be modeled without knowledge of the amount
and nature of fluid infiltration. Most significantly, a closed-system
model may underestimate the degree of decarbonation and the
mass of metamorphic CO, which is released. This effect is most
pronounced at moderate temperatures (e.g. greenschist, amphibo-
lite facies), when the infiltrating fluid has a relatively low concen-
tration of CO;, or when the time-integrated fluid flux is high.

Despite these complications, the fully closed-system approach
to modeling metamorphism is common. With the relatively recent
advent of pseudosection modeling (Connolly and Petrini, 2002; De
Capitani and Petrakakis, 2010; Powell et al., 1998) it has become
computationally efficient to calculate pressure-temperature phase
diagrams for a fixed bulk composition. This tool is often utilized to
estimate the pressure-temperature conditions reached by a rock
with the assumption that the bulk composition observed today
represents the rock’s composition during the metamorphic stage
of interest.

In particular, the classic closed-system decarbonation calcula-
tions of Kerrick and Connolly (2001a, 2001b) were instrumental in
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forming a basis for models hypothesizing that subducted litholo-
gies undergo minimal CO; loss during prograde reaction. Similar
modeling has been applied in collisional settings (e.g. Groppo et
al., 2013, 2017). Gorman et al. (2006) demonstrate that limited
fluid infiltration during subduction will drive decarbonation reac-
tions, but suggest that the majority of carbon still remains as a
solid in the subducting slab. Importantly, these results are sensi-
tive to the degree of fluid infiltration; a more heavily infiltrated
slab would be expected to release more CO, via metamorphism
(Gorman et al., 2006).

Many global models do not explicitly account for continental
decarbonation (e.g. Jagoutz et al,, 2016), and some papers suggest
it is negligible except at very high temperatures (e.g. Dasgupta,
2013). High temperature reaction is certainly a viable means to
release CO,, but fluid infiltration can depress the temperatures of
decarbonation reactions and allow for significant carbon loss even
at moderate metamorphic grades. Thus, constraining the nature
and magnitude of fluid infiltration is essential to further considera-
tion of metamorphic devolatilization and its impact on global-scale
carbon cycling.

We therefore aim to constrain the extent to which open-system
processes (e.g. fluid infiltration) were at play in a Barrovian meta-
morphic setting. By testing the viability of both open- and closed-
system models, we can constrain the degree and nature of fluid
infiltration during metamorphism and its effect on decarbonation.
Ideally we would acquire this constraint using an efficient and
computationally simple approach.

With these considerations in mind, we present the results of
systematic thermodynamic modeling of regionally metamorphosed
carbonate rocks from the Wepawaug Schist, Connecticut. This
serves as a proof-of-concept for the use of closed-system thermo-
dynamic modeling to constrain the history of metamorphic fluid
infiltration. We calculate two broad types of pseudosections using
bulk compositions measured in low-grade precursor rocks: (1) a
fully closed-system model with no fluid infiltration and (2) fluid-
buffered models including an Hy0-CO, fluid of a fixed composi-
tion. Consequently, we utilize closed-system modeling to consider
the open-system process of fluid infiltration and its effect on meta-
morphic decarbonation.

Finally, we extrapolate these results to estimate a CO, flux for
the metamorphism of the Wepawaug Schist and the Acadian oro-
genic belt as a whole. We compare this result to independent
metamorphic flux estimates from the literature, and consider the
timing of CO, release and its relationship to Devonian climate, sea
level, and extinction events.

2. Geological setting

The Wepawaug Schist in southern Connecticut consists pri-
marily of metapelitic rocks with intercalated metapsammitic beds
and impure metacarbonate rocks which underwent Barrovian-
style metamorphism during the Acadian orogeny from ~410 to
~380 Ma (Lancaster et al., 2008; Lanzirotti and Hanson, 1996).
It is lithologically similar to the Waits River Formation in east-
ern Vermont which was the subject of multiple classic studies
on metamorphic decarbonation in New England (e.g. Ferry, 1992;
Léger and Ferry, 1993). The metaclastic rocks account for ~90% of
the unit volume; metacarbonate beds are on the order of 1 cm up
to 10 m thick with most falling in the range of ~10 to ~100 cm.
Metamorphic grade increases from east to west with metapelitic
rocks ranging from chlorite-zone conditions up to the staurolite-
kyanite zone. The pressure was ~7 to 9 kbars and peak tempera-
tures range from ~420°C to ~625°C (Ague, 1994, 2002; Hewitt,
1973).

Metacarbonate rocks can be broadly separated into four meta-
morphic zones. From lowest to highest grade they are the ankerite,

biotite, amphibole, and diopside zones (Ague, 1994, 2002; Fritts,
1963, 1965a, 1965b; Hewitt, 1973; Palin, 1992), similar to else-
where in New England (e.g. Ferry, 1992) (Fig. 1). Importantly,
thermobarometry in the metapelitic beds allows us to constrain
the spatial variation in P-T conditions (e.g. Ague, 1994, 2002;
Hewitt, 1973) and then apply these robust constraints to the in-
tercalated metacarbonate rocks. Additionally, the mole fraction of
CO; in the metamorphic fluid (Xco,) has been previously con-
strained to lie between 0.01 and 0.15 for most samples - Ague
(2002) estimates Xco, using the program TWQ (Berman, 1991) to-
gether with measured mineral compositions and field-based P-T
estimates. Tracy et al. (1983) find consistent results using min-
eral equilibria from the three independent decarbonation reactions
they observed. Thus, this unit offers an ideal opportunity to test
the viability of open- versus closed-system modeling for the de-
carbonation of metamorphic rocks in a well-understood regional
metamorphic setting at a large scale and over a range of metamor-
phic grades.

3. Sample description

Eight samples from the lowest grade ankerite zone were con-
sidered in this study (sample names in Appendix A; see Ague,
2002, 2003 for detailed sample descriptions). They have not un-
dergone large amounts of metamorphic CO; loss but are otherwise
similar in composition to the higher-grade rocks of the biotite,
amphibole, and diopside zones (Ague, 2003). We therefore use
their modern bulk compositions to represent the precursors of
the higher-grade rocks. By forward modeling the metamorphism
of these low-grade rocks up to higher temperatures we expect to
reproduce the observed mineral zones and volatile changes.

Herein we focus our analysis on three representative samples -
184a, 1893, and Wep-29a. They contain calcite + ankerite + mus-
covite + quartz + rutile + plagioclase; samples 184a and 189a
contain albite whereas sample Wep-29a has a higher Na/K ra-
tio and instead contains abundant oligoclase. It is likely that at
lower-grade Wep-29a contained paragonite, but it was consumed
to produce plagioclase (Ague, 2003). Samples also contain minor
graphite/organic carbon that likely contributed a small amount of
methane to the metamorphic fluid. However, the mole fraction of
methane in the fluid (Xcn,) should be small (<~0.02) at the rel-
evant P-T conditions (e.g. Ague, 2002; Chu and Ague, 2013), and
we therefore ignore this component. In addition, there is minor
pyrite (and at higher grades pyrrhotite) in some samples. However,
at <1 wt% the bulk sulfur content of the samples is small and will
have little effect on phase assemblages (Evans et al., 2010).

In addition, we consider sample W5, a higher-grade rock from
the amphibole zone. W5 is of interest because its phase equilibria
record an anomalously high Xco, for the region (Ague, 2002). Thus,
W5 may record some different conditions or processes. It contains
calcite + quartz + plagioclase + biotite + clinozoisite + amphi-
bole + garnet + titanite. Despite reaching temperatures in excess
of 600°C, there is no evidence that W5 ever contained diopside
(Hewitt, 1973; Ague, 2002).

The molar composition of each sample used for pseudosection
modeling is given in Appendix A (Table A1), together with calcula-
tion details.

4. Methods

We perform two types of pseudosection modeling in the system
NCKFMASHTC using Theriak-Domino (De Capitani and Petrakakis,
2010) and the thermodynamic data of Holland and Powell (1998)
together with compatible activity models (Appendix A). The first
type of pseudosection assumes the rocks were reacting in a fully
closed-system that is well represented by the modern measured
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Fig. 1. Geologic map of the Wepawaug Schist, modified after Ague (2003). Black dots indicate sampling locations. (For interpretation of the colors in the figure(s), the reader

is referred to the web version of this article.)

bulk composition of the rocks. For the fully closed-system mod-
els of low-grade precursors the modern measured CO, and H,O
contents are used (see Ague, 2003 for the conversion of loss-on-
ignition (LOI) to wt% CO, and H,0). Sample W5 is higher grade
and lost significant CO, and H,O during metamorphism; thus, we
corrected its measured composition for volatile loss (Appendix A).

In addition to pseudosection modeling, we calculate the fluid
compositions predicted by these closed-system models for all sam-
ples. Two different approaches are used; the first assumes a fully
closed system where no fluid enters or escapes (e.g. Kerrick and
Connolly, 2001a, 2001b). We also calculate fluid compositions as-
suming Rayleigh-type distillation (e.g. Greenwood, 1975) where
each parcel of fluid created from metamorphic devolatilization is
removed at a given temperature increment using a step size of
5°C. For all of the calculations the temperature is increased from
400 to 650°C and pressure is fixed at a representative value of
8 kbars.

The second category of modeling utilizes closed-system pseu-
dosections to explore the open-system process of fluid infiltration.
We begin with the same modern molar composition as described
above, but we add a very large amount of C and H to the reacting
system. The molar ratio of C to H - and therefore Xco, of the fluid
- is fixed at some predetermined value. This effectively allows us
to place the reactive solid in contact with a buffering fluid of fixed
composition; no amount of reaction with the smaller rock reser-
voir can significantly change the composition of the fluid, whereas
the fluid can exert control on the phase equilibria in the solid. We
refer to these models broadly as “fluid-infiltrated” herein.

In nature, the fluid composition was not fixed; reaction with
the solid rock would shift the composition of the fluid somewhat
during reaction (Ague and Rye, 1999). As a water-rich fluid enters

the system, it lowers Xco, to values that are not in equilibrium
with the mineral assemblage; this drives decarbonation reactions
(e.g. Kerrick, 1977; Ferry, 1992). The release of CO; via decarbona-
tion increases the fluid Xco,, resulting in a fluid composition that
approaches equilibrium. In a system with continuous infiltration, a
given reaction will closely (but not exactly) follow the equilibrium
curve on a T-Xco, diagram. A major difference, however, between
this behavior and closed- or Rayleigh-type behavior is that the re-
action progress is greater in the infiltration case. (Of course, large
reaction progress is also possible at or near isobaric consolute or
invariant points.) When a reactant is exhausted, CO, production
stops but infiltration continues, lowering Xco, until a fluid com-
position appropriate for the next reaction is reached. CO, is once
again evolved, and the process repeats. This ultimately produces a
“zig-zag” pattern on T-Xco, diagrams defined by the reaction se-
quence (e.g. Fig. 3 in Ague and Rye, 1999).

Fig. 2 depicts hypothetical fluid evolution paths on a T-Xco,
diagram. The path for a moderate volume of fluid infiltration
is shown in pink, highlighting the “zig-zag” behavior described
above. By fixing the Xco, (green path), we create a model which
closely - though imperfectly - approximates the pink path. The
change in the Xco, of this moderate-volume fluid is relatively
small, especially in comparison to the large range of CO; con-
centrations predicted by closed-system and Rayleigh-like models.
Thus, the fluid-buffered model is a good approximation of real-
world (moderate volume) infiltration. Importantly, this result can
be calculated with a simple pseudosection, as opposed to the solu-
tion of coupled partial differential equations describing advection,
dispersion, and reaction as in Ague and Rye (1999).

For each of the samples, fourteen phase diagrams were cal-
culated: closed-system pseudosections, and fluid-infiltrated pseu-
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Fig. 2. a) Schematic isobaric T-Xco, diagram; Black curves are univariant reaction
curves. Red and blue lines represent fully-closed and Rayleigh-like systems respec-
tively. The pink line represents a realistic path for fluid infiltration (e.g. Ague and
Rye, 1999). The green line is the fixed Xco, simplification made in our models. b) A
zoomed-in view of fluid evolution along a reaction curve in which infiltration by a
low Xco, fluid drives the Xco, to lower values and decarbonation of the solid rock
drives the Xco, back towards a higher value.

dosections at Xco, = 0.025,0.05,0.075,0.10,0.15, and 0.20 using
both the Franzolin et al. (2011) carbonate activity model and a
simple carbonate activity model (Holland and Powell, 1998). As
the simple carbonate model gave qualitatively similar results to the
Franzolin et al. (2011) model, we present only the Franzolin et al.
(2011) results.

We calculate the amount of carbon remaining in the solid rock
for each low-grade sample using three models: a fully closed-
system, a semi-open-system with Rayleigh-like distillation, and
fluid-infiltrated models at Xco, = 0.05,0.75, and 0.10. As above,
temperature is increased from 400 to 650°C in increments of 5°C
and pressure is fixed at 8 kbars.

5. Results
5.1. P-T pseudosections

Fig. 3 shows P-T pseudosections for samples 184a, 189a, and
Wep-29a. (Without exception, the results from the remaining five
low-grade samples are consistent with results in Fig. 3 and there-
fore they are not discussed in detail.) Gray shaded regions indicate
a phase field containing calcite and ankerite whereas red phase
fields include only calcite. For each of these samples the closed-
system pseudosection qualitatively fails to reproduce the progres-
sion of major mineral zones observed in the field. In contrast, each
of the models calculated with a fluid composition of Xcg, = 0.05
generally matches our field observations well; they all contain a
biotite-in reaction approximately coincident with the ankerite-out
reaction, and at higher grades they predict a Ca-amphibole zone
followed by a diopside zone at peak temperatures.

5.2. Reaction temperatures

The ankerite-out reaction occurred between ~500 and ~530°C
based on calcite-ankerite thermometry and its correspondence to
the biotite-in reaction in the intercalated metapelitic rocks (Hewitt,
1973; Ague, 2002). Biotite-, amphibole-, and diopside-in reactions
occurred at ~510, ~530, and ~575 °C, respectively (Ague, 2002).
We can therefore compare the results of each type of model to
these independently-constrained reaction temperatures for a more
quantitative assessment of their viability.

Each of the closed-system models significantly overestimates
the temperature of the ankerite-out reaction (Fig. 3). At a pressure
of 8 kbars, models for 189a and Wep-29a never achieve this re-
action; i.e., it is predicted to occur at >650°C, outside the model
domain. The closed-system model for 184a predicts ankerite-out
at 620°C. On the other hand, the fluid-infiltrated models with
Xco, = 0.05 predict ankerite breakdown at either 500 or 505 °C,
which is well within the expected temperature range.

Fig. 4 shows the temperatures of major isograd reactions as
predicted by fluid-infiltrated models at a range of Xco, values.
The independently constrained reaction temperatures are shown as
shaded bars for comparison. In general, an increase in the Xco, of
the fluid corresponds to an increase in the temperature of each re-
action. When Xco, = 0.025 each reaction is predicted to occur at a
low temperature that is inconsistent with independent constraints
from Hewitt (1973) and Ague (2002). Conversely, when Xco, is
on the higher end at 0.10 reactions are pushed to higher temper-
atures. Based on these reactions, we conclude that the “average”
fluid composition lay mostly between Xco, = 0.05 and 0.10 during
prograde metamorphism.

5.3. Mineral compositions

We calculate the Mg# (molar Mg/[Mg+Fe]) of several minerals
which these models predict at a pressure of 8 kbars and a temper-
ature marking the middle of the mineral’s stability field. Predicted
values in representative sample 184a are as follows: ankerite =
0.75, biotite = 0.72, amphibole = 0.86, and diopside = 0.69. We
can compare these to actual measurements of mean Mg# (Ague,
2002) for ankerite, biotite, amphibole, and diopside; these are 0.76
+ 0.09, 0.65 + 0.13, 0.71 + 0.15, 0.70 £ 0.07 respectively (+20
standard deviations of the measured population). In all cases, the
model Mg# values are within the observed ranges.

5.4. Fluid compositions

Fig. 5 shows a calculated temperature-activity diagram and
fluid evolution paths for representative sample 184a in closed or
Rayleigh-like systems. Fluid is not present at low temperatures and
first appears at 570°C with a COy activity (aco,) of 0.48. As the
temperature increases the aco, for fully-closed and Rayleigh-like
systems increases to a maximum of daco, = 0.83 and aco, = 0.86,
respectively. This corresponds to Xco, values from 0.35 to 0.82
which, with one exception (W5), are significantly higher than the
Xco, values reported by Ague (2002).

A temperature versus dco, diagram for sample W5 is shown in
Fig. 6. This sample has a markedly larger Xco, (0.55) than any oth-
ers studied by Ague (2002). None of the calculated pseudosections
predicted the observed mineralogy of W5, so they are not repro-
duced herein. There are, however, two small fields on the T-aco,
diagram which match the observed mineralogy (Fig. 6). At the peak
temperature recorded by sample W5 (~615°C from Ague, 2002)
the lower highlighted phase field corresponds to an aco, value
of 0.46, and Xco, = 0.33. Fluid activity paths for fully-closed and
Rayleigh-like evolution are also shown; these paths never inter-
sect the regions representing the observed mineralogy, nor do they
come particularly close.

5.5. Degree of decarbonation

Fig. 7 shows calculated decarbonation curves for all eight low-
grade samples. The shaded bars indicate the prograde mass % CO;
loss (kg CO, loss/total kg CO, x 100) calculated by Ague (2003). He
uses a completely independent approach, calculating mass-balance
relative to an immobile reference species, Zr, established using
a comprehensive evaluation of the geochemical reference frame.
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Fully-closed and Rayleigh-like models significantly underestimate
the % mass CO, loss, with values peaking around ~10 to 15%.
Conversely, the fluid-infiltrated models are in excellent agreement
with the independent constraints and predict peak decarbonation
corresponding to ~50% CO; loss.

6. Discussion
6.1. Fluid infiltration

The closed-system approach consistently makes inaccurate pre-
dictions. No fully-closed pseudosection correctly reproduces the
mineral zones observed in the field (Fig. 3). Each fully-closed
model overestimates the temperature of ankerite breakdown by
at least 100°C. Furthermore, the metamorphic fluids created in
these closed-system models are very CO,-rich (Fig. 5), which is at
odds with independent constraints on fluid compositions in the
Wepawaug Schist (Ague, 2002). We therefore conclude that the
modern rock composition is not representative of the reactive sys-
tem at the time of metamorphism and that a water-bearing fluid
must have infiltrated the metacarbonate units.

The source of this fluid may be largely quite local (i.e. outcrop-
scale); the intercalated metaclastic rocks - by far the bulk of the

volume of the Wepawaug Schist - released considerable H,O dur-
ing prograde metamorphism (Ague, 2000; Ague and Rye, 1999).
This metamorphic fluid could then infiltrate the smaller volume
of metacarbonate layers and drive reaction. In systems with fewer
water-rich rocks, fluid infiltration may be more limited (e.g. Gor-
man et al., 2006).

In the Wepawaug Schist, however, there is evidence for very
large channelized time-integrated fluid fluxes on the order of
~10°m3>m~2 in the higher-grade zones (Ague, 2003). Further-
more, the isotope record in the diopside zone suggests infiltration
of magmatically sourced fluids with §'80 values much lower than
the country rock (Palin, 1992; Tracy et al.,, 1983; see also Ferry,
1992; Léger and Ferry, 1993). Thus, the fluids which entered the
metacarbonate rocks may have been derived from a combination
of outcrop-scale clastic dewatering and further-field dehydration
and degassing of magmatic intrusions (Palin, 1992; van Haren
et al., 1996; Lancaster et al., 2008). Regardless of the source, an
externally-derived fluid is essential in explaining the observed pro-
grade mineral succession and fluid compositions.

Our results also indicate that most fluid had a low Xco,. Pseu-
dosections calculated with Xco, = 0.05 are in agreement with in-
dependent constraints on the evolution of these rocks. Lowering
the Xco, to 0.025 pushes all of the reactions to lower tempera-
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tures (e.g. ankerite-out occurs at 8 kbars and 460 °C) that are not
consistent with independent constraints. On the other hand, rais-
ing the Xco, to 0.075 increases the temperature of each reaction.
The phase diagrams calculated at Xco, = 0.075 are still consistent
with the result of Ague (2002). Those calculated with Xco, =0.10
are not consistent with lower-grade isograd reactions (i.e. ankerite-
out and biotite-in) but are consistent with the diopside-in reaction
at higher-grade (Fig. 4). Based on this relationship, we suggest that
the best estimate for the Xco, of the metamorphic fluid is between
~0.05 and ~0.075 during ankerite-out reaction, and that it may
have increased to ~0.10 at higher-grade (Ferry, 2016 documents
a similar relationship between Xco, and grade). These estimates
fall well within the range of Xco, values that would be expected
to equilibrate with graphitic metapelitic rocks (~0.02 to ~0.20
from Connolly and Cesare, 1993) and are, thus, consistent with
the interpretation that an infiltrating fluid equilibrated with the
intercalated graphite-bearing schists. Moreover, the estimates also
agree with the average value from Ague (2002; Xco, = 0.08), al-
though of course both somewhat higher and lower values are also
recognized.

The infiltration history of sample W5 likely differs from the
others. Fluid-infiltrated pseudosections at low Xco, values do not
reproduce its observed mineralogy, and the matching phase-field
on the T-aco, diagram suggests a fluid composition of Xco, =0.33
(see above discussion and Fig. 6). The fully-closed and Rayleigh-
like fluid evolution curves for W5 do not successfully reproduce
this value at the peak temperature of 615°C. This demonstrates
that some open-system infiltration must have affected W5; how-
ever, the Xco, of the fluid attained significantly higher values than
throughout most of the Wepawaug Schist. Perhaps the infiltrat-
ing fluid had a locally higher Xco, to begin with. Alternatively,
if W5 was infiltrated by only a small amount of water-bearing
fluid and subsequently isolated from the flow system, the re-
sulting decarbonation reactions may have been sufficient to raise
the Xco, of the fluid to higher values (e.g. Ague and Rye, 1999;
Ferry, 2016). In addition, the constant 8 kbar pressure assumption
for modeling the history of this sample may be inadequate, given
that it records a peak pressure of ~9.5 kbars. The precise history
remains unknown, but regardless, W5 must have undergone some
open-system processes to produce its observed mineralogy.

6.2. Metamorphic decarbonation

Perhaps the most significant result is the degree to which fluid-
infiltration drives decarbonation. Fluid-infiltrated models predict
much greater CO, loss than the closed-system or Rayleigh-like
models (Fig. 7). At peak conditions, we calculate ~50% CO; loss via
forward modeling of these fluid-infiltrated lithologies. Conversely,
the closed-system and Rayleigh-like models predict only ~10 to
~15% CO, loss at peak conditions, underestimating the degree
of local decarbonation by a factor of five. The models are even
more divergent at lower temperatures (below 600 °C) where fluid-
infiltrated models predict up to ~45% CO, loss and, remarkably,
closed-system models predict <1% decarbonation.

The degree of divergence between closed-system models and
fluid-infiltrated models is temperature dependent. At very low
temperatures (i.e. <~500°C) both fluid-infiltrated and closed-
system models predict minimal (<~5%) decarbonation. At mod-
erate temperatures between ~500 and 650 °C the models diverge
(Fig. 7). However, at higher temperatures they converge somewhat.
For example, by 800°C in the granulite facies sample 184a is pre-
dicted to achieve 41% CO, loss in a fully closed-system versus
50% CO loss with a fluid composition of Xco, = 0.05. The closed-
system model still estimates a lower degree of decarbonation, but
the difference is smaller than predicted for the greenschist and
amphibolite facies.

We emphasize that the phenomenon of fluid-driven decarbona-
tion is not peculiar to this area. It has been documented in a num-
ber of regional settings and tectonic environments (e.g. Bebout and
Carlson, 1986; Cook-Kollars et al., 2014; Ferry, 1983, 1992, 2016;
Kleine et al., 2016; Léger and Ferry, 1993; Williams et al., 1996). It
may, in fact, be more ubiquitous than has already been recognized.
In more sparsely-studied or poorly-exposed regions with weaker
pressure-temperature constraints, one could miss the evidence for
fluid-infiltration.

6.3. Estimating a metamorphic CO, flux

6.3.1. Constructing a numerical model
With these results, we can estimate a regional flux of CO,
from the Wepawaug Schist as a result of metamorphism. A simple
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major mineral zones as determined by Ague (2003).

model is constructed using heating rates and absolute age con-
straints from Lancaster et al. (2008), the field temperature gradient
from Ague (2002), and the temperature versus CO;-loss relation-
ship from this study (Fig. 7) to calculate the fraction of CO, lost
across a profile of the Wepawaug Schist over time (Appendix B).
These fractional loss values are integrated across the spatial profile
and then converted to total CO; released according to the follow-
ing equation:

(1)

where F is the total areal flux, fjs is the fraction of CO, de-
volatilized, f,o is the volume fraction of metacarbonate rocks in
the unit, fco, is the initial weight fraction of CO; in the rock, z
is the thickness of the unit, p is the rock density of the entire
sequence, and Mco, is the molar mass of CO,. Uncertainty propa-
gation is described in Appendix B.

The resulting time versus degassed CO, curve (Fig. 8) predicts
that metacarbonate rocks degas between 0.49 x 103 and 1.8 x
10'3 mol CO, km~2 over a period of ~15 Myr. This result incorpo-
rates both the spatial heterogeneity in peak temperature and the
non-linear relationship between temperature and decarbonation.

We must also consider extreme decarbonation in calc-silicate
layers that form at the contacts between metacarbonate and
metapelitic rocks and in reaction selvages adjacent to quartz veins
(Ague, 2003; Tracy et al., 1983). Although they make up a small
proportion (~1%) of the unit volume, they underwent a high
degree of devolatilization (~90% CO, loss; Ague, 2003) and are
therefore significant to the net CO, flux. We perform a simpler
calculation for calc-silicates in which only the final amount of CO;
degassed is determined via an analogous simulation (Appendix B).
This yields a total calc-silicate decarbonation flux of 0.25 x 1013
to 0.71 x 10'®> mol CO; km~2 (Fig. 8). We can quite reasonably as-
sume that the calc-silicate layers underwent their decarbonation
during the same ~15 Myr when the intercalated metacarbonate
rocks were devolatilizing (Fig. 8).

Note that we do not include decarbonation from higher-grade
rocks (sillimanite zone) in neighboring rock units to the west of
the field area because their degree of decarbonation is poorly con-
strained as is the critical degree of fluid infiltration. Although they
make up a relatively small volume of the metamorphic belt, in-
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cluding an analysis of these units would increase any CO; flux
estimate somewhat.

In summary, we estimate that the Wepawaug Schist contributed
between 0.74 x 1013 and 2.5 x 10!3 mol CO; km~2. As the vast ma-
jority of decarbonation occurred over ~15 Myr (Fig. 8), the result-
ing average rate is 0.50 x 10'% to 1.7 x 10!2 mol CO, km~2 Myr~!.

6.3.2. Magnitude of the orogenic CO; flux

Our flux estimate is strikingly similar to existing estimates of
orogenic CO, release made using a variety of independent methods
(Fig. 9). For example, Becker et al. (2008) estimate a modern flux
of 1.2 x 10!2 mol CO, km~2Myr~! in hydrothermal springs of the
Himalaya (converted from units of 0.9 x 102 mol CO, yr—! over
an area of 7.5 x 10° km?2). Our calculated rate of 0.50 x 102 to
1.7 x 102 mol CO; km~—2 Myr~! overlaps with this estimate.
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Chiodini et al. (2000) measure modern CO; degassing in cold
springs of the eastern Apennines, Italy. Through a combination of
mass-balance calculations and isotopic measurements, they con-
clude that a deep CO; source (including both metamorphic and
igneous components) contributes a diffuse flux of ~10'% to 9.3 x
10'2 mol CO; km—2 Myr—!; our estimates are comparable.

Skelton (2011) calculates a flux of 0.5 x 102 to 7 x 10'> mol
CO, km—2Myr~! for greenschist facies decarbonation in the Scot-
tish Highlands (originally reported as 0.5-7 molCO, m—2yr—1).
A time-integrated fluid flux is calculated using a combination of (1)
chromatographic modeling to determine a Peclet number, (2) di-
rect measurements of tortuosity, (3) empirical diffusion rates for
CO, and (4) a calculated time-averaged porosity. Mineral equilib-
ria are then used to constrain the fluid composition, resulting in
a total CO; flux rate. The timescale of flow in Skelton (2011) was
highly transient (<10 kyr) but remarkably, despite a totally inde-
pendent method of calculation, the flux estimate compares well
with ours.

Kerrick and Caldeira (1998) estimate a flux of 1.5 x 10'> mol
CO, km—2Myr~! in northern New England (taken as an analogue
for the Cordilleran belt) using time-integrated fluid-fluxes and fluid
compositions from Léger and Ferry (1993). This number is close to
our estimate as well. While Kerrick and Caldeira (1998) suggest
that the nearby magmatism is necessary for metamorphism in this
setting, the critical driver of reaction progress is fluid-infiltration
which need not necessarily be magmatically sourced.

Remarkably, each of the above flux estimates has a comparable
magnitude. Whether via direct measurement of modern CO, out-
gassing or inferences made in ancient orogenic belts, researchers
consistently estimate an orogenic flux of ~10'2 molCO, km—2
Myr~!. Fig. 9 depicts the confluence of all of these indepen-
dent constraints (see Appendix C). Volcanogenic fluxes from mid-
ocean ridges (Dasgupta and Hirschmann, 2010; Marty and Tol-
stikhin, 1998) and island arcs (Dasgupta and Hirschmann, 2010;
Fischer, 2008; Marty and Tolstikhin, 1998) are also shown for ref-
erence (although note that these may have changed significantly
throughout geologic time, e.g. Lee et al.,, 2013). The magnitude of
the orogenic flux is comparable to volcanogenic outgassing when
normalized to area. In fact, estimates even tend to exceed the flux
from arc volcanoes.

These results have several important implications. First, they
suggest that metamorphic degassing may be a significant source
of CO; on a global scale. As Becker et al. (2008) note, these
fluxes exceed estimates for weathering-driven CO, draw-down (e.g.
Galy and France-Lanord, 1999). Thus metamorphism and orogene-
sis must be considered as possible drivers of warming in Earth’s
past (e.g. Bickle, 1996; Kerrick and Caldeira, 1998). Second, the
good agreement between measured surface fluxes and estimates of
deep CO, production indicates that there may be minimal repre-
cipitation or trapping of CO, after decarbonation reactions. For ex-
ample, we calculate a maximum of 1.7x10'> mol CO, km—2 Myr~!
are produced at depth. To result in the surface flux of 1.2 x 1012
mol CO, km—2Myr~! measured by Becker et al. (2008), ~70% of
the produced CO, must ultimately make it to the atmosphere;
this ~30% mismatch may be attributable to retrograde carbonation
(e.g. Kleine et al., 2015). Using the surface fluxes from Chiodini et
al. (2000) indicates even more CO, escapes (although the highest
fluxes in the Apennines could include some magmatic component).

Of course, the flux estimate calculated herein is only for
the Wepawaug Schist. Nevertheless, the close convergence of
multiple lines of evidence leads us to propose that a flux of
~102 molCO, km—2Myr~! may represent metamorphism of
lithologically heterogeneous metasedimentary sequences more
generally.

6.3.3. Acadian CO; flux

With a few assumptions we can extrapolate our results to
the area of the entire Acadian orogenic belt. First, we take the
Wepawaug Schist as representative of the belt as a whole. Similar
intercalated metasedimentary sequences are present throughout
the Appalachians (e.g. Ferry, 1992 in Vermont; Wehr and Glover,
1985 in the Blue Ridge; Kindle and Whittington, 1958 in western
Newfoundland). Where deeper crust is exposed, it is reasonable
to conclude that these (meta)sedimentary sequences were present
and have been eroded away. Note that our model assumes ~10% of
the metasedimentary volume is composed of carbonate rocks; even
using a high metasedimentary thickness of 20 km, this corresponds
to 2 km of carbonate out of a typical 70 km orogenic crustal thick-
ness, or ~3% of the orogenic volume. Most significantly, the close
correspondence between our Wepawaug flux estimate and oro-
genic flux estimates from the literature bolsters the argument that
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Wepawaug decarbonation is representative of broad orogenic de-
carbonation. We therefore multiply our areal flux by the area of
the Acadian metamorphic belt (taken as ~10% km? from the New
York promontory in the South to Newfoundland in the North) to
estimate the moles of CO, released across the entire orogen. The
resultant total is ~0.74 x 10'° to 2.5 x 10" mol CO; (Fig. 10).
Second, we assume that the timescales of metamorphism in
the Wepawaug Schist are representative of the Acadian belt as a
whole. Geochronologic work indicates Acadian metamorphism oc-
curring from ~408 Ma (e.g. Zeitler et al., 1990) to ~380 Ma (e.g.
Sullivan, 2014). While the docking of Avalonia and correspond-
ing deformation may have begun significantly earlier (~420 Ma;
van Staal et al, 2009), radiometric ages indicate that metamor-
phism did not begin until somewhat later (e.g. Lancaster et al.,
2008 and Sullivan, 2014 in Connecticut; Valverde-Vaquero et al.,

2000 in Newfoundland; Zeitler et al., 1990 in New Hampshire).
Within a maximum bracketed metamorphic duration of ~25 Myr,
our ~15 Myr interval for CO; release is a reasonable rough esti-
mate for the entire mountain belt. Thus we calculate a total re-
gional flux of 0.50 x 108 to 1.7 x 10'® mol CO, Myr—! (Fig. 10). If,
instead, significant decarbonation in the region occurred over the
maximum time interval we would see a reduction in the calculated
rate of CO, release by as much as ~50%, but the total amount of
CO, released is insensitive to this value.

It is possible that the degree of infiltration - and therefore
decarbonation - experienced by the Wepawaug Schist is not rep-
resentative of the broader Appalachians. However, work by Ferry
(1976, 1992, 1994, and 2016) and Léger and Ferry (1993) in Maine
and Vermont is consistent with our results. In fact, these studies
usually indicate a somewhat higher degree of decarbonation af-
fecting a larger volumetric proportion of carbonate rocks (Ague,
2014). Furthermore, decarbonation of metapelitic and metapsam-
mitic lithologies has been documented elsewhere in New England
(e.g. Ferry, 2007) which would further increase the flux, although
we note that carbonate minerals are uncommon in the metaclas-
tic rocks of the Wepawaug. Therefore, we are confident that using
Wepawaug decarbonation as a model basis will not overestimate
regional decarbonation over the entire metamorphic belt.

6.3.4. Devonian warming, sea level rise, and extinctions

Kerrick and Caldeira (1993) estimate that a flux of ~10'8 mol
CO, Myr—! would be required for metamorphic degassing to have
a measurable effect on Earth’s climate. Our maximum rate of
1.7 x 10'® mol CO, Myr~! across the entire orogenic belt exceeds
this number and, thus, we speculate that it may have been suffi-
cient to perturb climate. The synchronous cooling resulting from
enhanced silicate weathering and organic carbon burial associated
with orogenesis would be expected to have a dampening effect.
Nonetheless, our results suggest massive Acadian CO, input into
the Devonian atmosphere.

Indeed, there is evidence of global warming, marine transgres-
sion, and extinction at precisely this time. The middle- to late-
Devonian is characterized by global sea level rise (Brett et al.,
2011; Johnson et al., 1985) including the dramatic transgression of
the “Taghanic Onlap” (Johnson, 1970) during the middle Givetian
(~385 Ma). The corresponding Taghanic Biocrisis is characterized
by the synchronous extinction of cold-water taxa (e.g. De Melo,
1989) and latitudinal expansion of warm-water ammonoids and
brachiopods (Boucot and Theron, 2001; House, 1978). Oxygen iso-
tope records also indicate warming during this period (Joachimski
et al., 2009; van Geldern et al., 2006). The cause of this warming
has thus far remained enigmatic (Aboussalam and Becker, 2011).

The brief warming and marine transgression associated with
the Taghanic Biocrisis are superimposed on a broader trend of in-
creasing temperature and rising sea level from ~395 to ~375 Ma.
This coincides with the timing of Acadian decarbonation via our
analysis (Fig. 10). This close concurrence is, at least to first order,
suggestive of some relationship (Appendix D).

The Taghanic Biocrisis and associated transgression are them-
selves fairly abrupt, occurring over <1 Myr (Aboussalam and
Becker, 2011). Our modeled decarbonation cannot readily account
for such a short-lived period of warming. However, the relatively
recent recognition of metamorphic “pulses” in the type-locality
for Barrovian metamorphism (e.g. Ague and Baxter, 2007; Viete
et al., 2011) suggests that similar short-lived metamorphic pro-
cesses may remain unrecognized in other orogenic belts. Indeed,
Skelton (2011) documents Barrovian decarbonation on a very short
timescale (<10 kyr). We therefore speculate that a comparable
Acadian metamorphic pulse superimposed on longer progressive
devolatilization could have conceivably resulted in transient decar-
bonation and climatic effects.
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In present-day Europe, the related Scandian phase of the Cale-
donian Orogeny is largely complete by this time with only low-
grade retrograde metamorphism occurring at ~395 Ma (Essex and
Gromet, 2000). Meanwhile the Variscan Orogeny is just beginning,
with 49Ar/3?Ar ages recording metamorphism as early as ~390 Ma
in Spain (e.g. Dallmeyer et al., 1997). Either of these two events
may have contributed additional metamorphic CO, to the atmo-
sphere; however, as they are primarily asynchronous, we expect
that their effects during this particular time interval will be over-
shadowed by Acadian decarbonation.

The much smaller Ellesmerian and Antler Orogenies also began
in the Devonian (e.g. Colpron and Nelson, 2009). However, they
occurred well after warming and transgressive trends had already
begun and are therefore not plausibly connected to pre-Frasnian
warming. Similarly, the eruption of the Viluy Traps began around
~377 Ma (Ricci et al.,, 2013) and cannot explain earlier warming
trends. We therefore propose that the Acadian Orogeny is a poten-
tial tectonic driver of mid-Devonian climate change. Infiltration-
driven decarbonation may have been a source of atmospheric CO,
that contributed to global warming and the corresponding eustatic
fluctuation and extinction in the mid- to late-Devonian.

7. Conclusions

Fluid infiltration is essential to explain the prograde mineral
succession, degree of decarbonation, and fluid compositions ob-
served in the metacarbonate rocks of the Wepawaug Schist, CT.
Purely closed-system models of metamorphism produce untenable
results with respect to practically any qualitative or quantitative
observable. On the other hand, approximating fluid infiltration by
performing pseudosection analysis with a set of fixed Xco, values
works remarkably well to reproduce the prograde reaction and CO,
loss which these rocks underwent in nature.

Our results highlight the fact that the carbonate-producing re-
actions cannot be modeled without knowledge of the amount and
nature of aqueous fluid infiltration, reinforcing earlier open-system
interpretations of metacarbonate rock petrogenesis in New Eng-
land (e.g. Ague, 1994, 2000, 2003; Ague and Rye, 1999; Ferry,
1983, 1992, 2016; Palin, 1992; Tracy et al.,, 1983). Infiltrating H,O-
bearing fluid drove significant (~50%) progressive CO2 loss from
greenschist through amphibolite facies. Thus, given sufficient fluid-
infiltration, very high temperatures (e.g. granulite facies) are not
required to achieve major decarbonation.

The areal flux of 0.50 x 10! to 1.7 x 10" mol CO; km—2 Myr !
we calculate for the Wepawaug Schist is consistent with multiple
other metamorphic outgassing estimates from the literature; we
suggest that ~10'2 mol CO; km—2 Myr—! may be representative of
orogenic degassing in general. This is greater than or comparable
to estimates for the areal volcanogenic flux of CO, from mid-ocean
ridges and arcs.

Finally, we extrapolate this result to the entire Acadian Orogen
for a total flux of 0.50 x 10'8 to 1.7 x 10'8 mol CO, Myr—!. This
could have been sufficient to drive global climate change (Kerrick
and Caldeira, 1993). The synchronicity of Acadian degassing and
the mid- to late-Devonian marine transgression and biocrisis indi-
cates a possible causal link between regional metamorphism and
climate-driven extinction.
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