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1. INTRODUCTION

Any complete model of the global carbon-oxygen-sulfur
(C-O-S) systems must acknowledge the existence of seafloor
hydrothermal (SFH) systems as a potential source of sulfur to
the world’s oceans (e.g., Edmond et al., 1979; Von Damm et
al., 1985a,b; Von Damm et al., 1995; Humphris et al., 1995a
and works therein). In Carpenter and Lohmann (1997), we
provided a detailed description of the potential sulfur fluxes for
the modern ocean. Petsch and others discount SFH systems as
an important flux of sulfur to the ocean (as various sulfide
minerals and H2S; e.g., Berner and Raiswell, 1983; Berner et
al., 1983; Lasaga et al., 1985; Kump and Garrels, 1986; Fran-
cois and Gerard, 1986; Kump, 1989; Berner, 1987; 1989; 1990;
Petsch and Berner, 1998). Although SFH system fluxes create
a mass imbalance in the modern sulfur system, this is not
justification for excluding these fluxes from isotope-mass bal-
ance models. We argue that Petsch’s ommission of SFH fluxes
(of various materials capable of consuming marine O2), inval-
idates the subsequent discussions of marine O2 levels and the
link with the global carbon cycle (e.g., burial and oxidation of
organic carbon).

If a model fails to include SFH fluxes (or any other docu-
mented flux), it is incumbent upon the authors of that model to
explain why these fluxes do not impact their calculations and/or
why published data are not used. For example, Petsch states
that SFH fluxes are not needed to explain empirical data (e.g.,
Lindh, 1983; Figure 1), yet he does not adequately explain why
these fluxes have been excluded from his calculations. To date,
Petsch and others have made no attempt to refute the sulfur flux
estimates associated with SFH systems (e.g., Edmond et al.,
1979; Von Damm et al., 1985a,b; Von Damm et al., 1995;
Humphris et al., 1995a and works therein). Instead of invoking
a SFH sulfur flux, these workers have relied solely on the
formation of sedimentary pyrite to account for the changes in
the carbon and sulfur isotope data (e.g., Petsch and Berner,
1998). While it is possible to model the carbon-sulfur isotope
systems in this manner, it is likely that their model parameters
are incomplete. This omission is particularly important if their

model results do not explain the total range of empirical data
and/or the empirical data in the context of other geochemical
tracers (e.g., coeval87Sr/86Sr ratios).

Walker (1986) and Carpenter and Lohmann (1997) are the
only studies that have incorporated sulfur fluxes from SFH
systems to model/interpret the C-O-S system. As in Veizer et
al. (1980), the interpretation of the secular variation presented
by Carpenter and Lohmann (1997) is dependent on achieving
steady-state over relatively long periods of time. Carpenter and
Lohmann (1997) explicitly stated that the cycling time for
sulfur is longer than that of carbon and that this may induce
short-term deviations ind13C values about a steady-stated13C–
d34S correlation line (p. 4832). On this subject, we agree with
Petsch. However, do empirical data indicate that the marine
carbon-sulfur systems behave as predicted by his model
(Petsch, 1999; Petsch and Berner, 1998)?

Here we examine the events of the Late Permian to provide
evidence that Petsch’s model falls short of predicting short-
term variations observed in the rock record. Also, we present
additional data supporting the concept that SFH activity is a
substantial and variable flux during the Phanerozoic Eon.

2. GENERAL COMMENTS

Carpenter and Lohmann (1997) pointed out that previous
models have used Lindh’s (1983) carbon isotope data in con-
junction with the Claypool’s (1980) sulfur isotope data to
model ad13Ccarb–d34Ssulfaterelation with a slope of20.26 (as
described by Lindh, 1983). However, the various authors of
these models have invoked the interpretation of Veizer et al.
(1980) whose interpretation was based on a slope of20.13 and
did not involve sulfur fluxes from SFH systems. As stated in
Carpenter and Lohmann (1997), the steeper slope produced by
the combination of the Claypool et al. (1980) data with that of
Lindh (1983) or Carpenter and Lohmann (1997) yields a
steady-state relation that is approximately twice that of Veizer
et al. (1980). We suggest that models that fail to incorporate the
significant sulfur fluxes from seafloor hydrothermal systems
oversimplify the C-O-S system. For example, Petsch (1999)
and Petsch and Berner (1998) exclude SFH fluxes from their
calculations, suggesting that their isotope-mass balance calcu-
lations may be incomplete.

Petsch (this issue) explicitly states that thed13Ccarb–d34Ssulfate

relation is;20.25 and not20.10. As Petsch does not dispute
these data (used in Petsch and Berner, 1998), then he must
discount the steady-state relation used by Veizer et al. (1980),
Lindh (1983), Walker (1986), and Carpenter and Lohmann
(1997). Are thed13Ccarbandd34Ssulfatevalues of the Holocene,
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the Permian, and the Cambrian, representative of non-steady-
state conditions? Clearly, the time between each sample is
greater than 50 myrs (as suggested by Petsch, 1999). Do these
values (particularly thed13C values) represent responses to
short-lived perturbations of ocean chemistry? On the basis of
similar d13C values for long periods of geologic time (Cam-
brian-Ordovician, Pennsylvanian-Permian, the Mesozoic, etc.),
it is unlikely that the marine cement data represent rapid
changes in thed13C value of marine DIC. In fact, we have
attempted to avoid using data that represent non-steady-state
conditions (e.g., Upper Ordovician, Upper Permian) in our
calculations. As the data of Veizer et al. (1980), Lindh (1983),
and Carpenter and Lohmann (1997) all have similar sampling
frequencies, the potential risk of sampling non-steady-state
conditions must be applied to each data set equally. That is, the
Veizer et al. (1980) data set cannot represent steady-state
conditions if the Lindh (1983) and Carpenter and Lohmann
(1997) data set do not. As discussed by Carpenter and Lohmann
(1997), it is unlikely that the differences between the Veizer et
al. (1980) data and those of Lindh (1983) and Carpenter and
Lohmann (1997) can be ascribed to sampling of non-steady-
state conditions.

One of the important points of Carpenter and Lohmann
(1997) is that our data did not match the assumptions associated
with the predictedd13Ccarb–d34Ssulfate relation with a slope of
;20.10 as suggested by previous studies that had not incor-
porated SFH sulfur fluxes. Citing the difference between Cre-
taceousd13C values and those reported by Veizer et al. (1980),
Walker (1986) was the first to suggest that SFH sulfur fluxes
should not be neglected when modeling the C-O-S system.
Petsch excludes SFH systems from consideration and thereby
models a system where the carbon system drives the sulfur
system through burial of organic matter and subsequent sulfate
reduction. In contrast, we have chosen to include SFH system

sulfur fluxes and have suggested that oxidation of reduced
sulfur (H2S and various sulfide minerals) controls O2 which in
turn controls the burial and oxidation of organic matter.

The O2 levels of Phanerozoic atmospheres have been exten-
sively studied by various authors (e.g., Berner, 1987; Berner,
1989; Petsch and Berner, 1989). The primary method of these
studies is examination of thed13C–d34S relation described by
Lindh (1983). Berner (1989), augmented Lindh’s (1983)d13C
values by the addition of Popp et al.’s (1986) Carboniferous
and Permian brachiopod data (producingd13C values in excess
of 16‰ at ;300 Ma). In contrast, Petsch and Berner (1998)
subsequently abandon the Popp et al. (1986) data in favor of the
original Lindh (1983) data set (maximumd13C values of14‰;
see Figure 1). Petsch and Berner (1998) provide no explanation
for this significant change in their primary data set.

Berner (1989) and Petsch and Berner (1998) do, however,
admit that the Phanerozoic extremes ind13C andd34S values
are difficult to model given their input parameters (either pro-
ducing extreme O2 levels or requiring unrealistic fluxes). It is
interesting to note that in their conclusion (p. 260) Petsch and
Berner (1998) explicitly state their preconceived notions about
how the carbon and sulfur systems work: “Further refinement
of the model is required to accommodate either the great
accumulation of pyrite in the early Paleozoic (indicated by high
d34S at this time) or the minimal mass of sedimentary pyrite
interpreted from the lowd34S values of the late paleozoic/
Mesozoic.” Unfortunately, we have been unable to find the
great accumulation of pyrite in the early Paleozoic to which
they refer. Perhaps Petsch and Berner’s (1998) model and
interpretations are made more complex by omitting SFH fluxes.

An alternative explanation of the observed changes in marine
d34S andd13C values is that the early Paleozoic is dominated
by continental weathering and the post-Devonian is dominated
by SFH activity (e.g., Walker and Lohmann, 1989; Carpenter et
al., 1991; Carpenter and Lohmann, 1997; Yale and Carpenter,
in press). Although SFH activity and associated fluxes provide
a much-needed sink for O2 and a source of mantle-derived
strontium and sulfur, these fluxes are ignored. The lack of
correspondence of Berner’s (1989) and Petsch and Berner’s
(1998) model with empirical data and reasonable flux and O2

estimates suggests that their model parameters are not correct.
We respectfully suggest that the first refinement of these mod-
els should be the addition of SFH fluxes and subroutine for the
consumption of O2 by H2S, sulfide minerals, methane, hydro-
gen, and other reduced materials emitted by hydrothermal vent
systems.

Petsch argues that there is a “problem” with invoking fluxes
of mantle-derived sulfur via SFH activity. He explains his
decision not to use SFH sulfur fluxes in the following state-
ment:

“There is an additional problem with a large input of mantle
sulfide. To maintain an approximately constant mass of atmo-
spheric O2, in response to the addition and oxidation of mantle
sulfide, the total mass of sedimentary pyrite and/or organic matter
must increase. This would generate long-term, monotonic evolu-
tion in the d34S and/ord13C of seawater, or implies that the
averaged34S ord13C of the earth’ s crust is changing through time.
Because these types of evolution are not suggested by the isotope
record, it seems unlikely that a significant mantle-derived sulfide
flux could be maintained on geologic time scales. To avoid these

Fig. 1. Temporal distribution of marine carbonated13C and marine
sulfated34S values. Data from Lindh (1983). Timing of the assembly of
Pangea is represented by the gray shaded area (320 to 160 Ma). Note
that d34S values reach a Phanerozoic low andd13C values reach a
Phanerozoic high following the assembly of Pangea. Both tracers
change abruptly at;350 Ma (the timing of a significant increase in
marine carbonated18O values interpreted as an increase in seafloor
hydrothermal activity; Walker and Lohamnn, 1989; Carpenter et al.,
1991).

762 S. J. Carpenter and K. C. Lohmann



problems any significant mantle-derived sulfide flux would
require that thed34S and mean oxidation state of subducted
sulfur have the same values as the mantle-derived sulfur (pure
sulfide withd34S ; 3.5‰) which is unlikely. Sulfide more likely
is subducted as biogenic pyrite (d34S ; 215‰ or less).”

Carpenter and Lohmann’s (1997) Figure 1 (p. 4833) indi-
cates that there are long-term trends in the evolution of the
marined13C andd34S values (e.g., the Pennsylvanian through
Cretaceous values are distinctly different than the pre-Pennsyl-
vanian values; Figure 1). Given that these values respond to
various fluxes, it is unlikely that any isotopic tracer would show
a monotonic change over the course of 600 million years. In
addition, marined13C values have not changed monotonically
since the Cretaceous (a period of time during which SFH
activity has been abundantly documented). In fact, marined13C
values have changed very little since the Cretaceous, whereas
d34S values have increased nearly 6‰. We argue that a lack of
a monotonic change in marined13C and d34S values is not
adequate justification for exclusion of SFH system sulfur
fluxes. Given that these systems have been documented by
numerous submersible dives to the sea floor, it is clear that they
exist. Moreover, the sulfur flux estimates reported by Edmond
et al. (1979), Von Damm et al. (1985a;b), Von Damm et al.
(1995), and Humphris et al. (1995b) have never been refuted,
yet Petsch and Berner (1998) continue to discount this potential
contribution to the sulfur system.

Petsch incorrectly argues that subducted sulfides are more
likely to have thed34S value of biogenic pyrite (,215‰) than
SFH system sulfides (3.5‰). Arguments about accretionary
wedges aside, modern SFH systems (e.g., black smokers) occur
in and on oceanic crust (basalt) and biogenic pyrite occurs in
silici-clastic and carbonate sediments (sometimes overlying
oceanic crust). Therefore, the likelihood of subducting dense,
sulfide-rich oceanic crust is significantly greater than that of the
less dense sedimentary rocks. It is quite possible that the
remnants of SFH sulfides (with an initiald34S value of;3.5‰)
are consumed at subduction zones.

3. MANTLE FLUXES AND SUPERCONTINENT ASSEMBLY

Earth processes, such as supercontinent assembly and mantle
convection, occur with a periodicity of;300 to 500 million
years (e.g., Sutton, 1963, Anderson, 1982, Gurnis, 1988, Zhong
and Gurnis, 1993). The relation between supercontinents, man-
tle plumes and surficial volcanic activity (such as LIPs, kim-
berlites, carbonatites, and SFH activity) has been described by
Yale and Carpenter (1998). They conclude that there is a direct
relation between mantle convection changes (induced by su-
percontinent assembly) and Phanerozoic ocean chemistry
changes (Figures 1,2).

A majority of the marine carbon isotope excursions in the
more recent rock record (associated with “oceanic anoxic
events”) can be correlated with eruptions of LIPs and second
order minima in marine87Sr/86Sr ratios (e.g., Scholle and
Arthur, 1980; Erba, 1994; Yale, 1998). The more notable
events include: Pigafetta (;167 Ma), Ontong-Java Plateau
(;122 Ma), Caribbean Plateau and Broken Ridge (88–90 Ma)
and the Columbia Flood Basalt (;17 Ma). Yale (1998) found
that the volume of LIP/flood basalt correlates with the magni-
tude of the second order87Sr/86Sr ratio variation and that

relatively small fluxes from these basalts can induce the nec-
essary changes in marine87Sr/86Sr ratios. Courtillot (1994)
described a striking correlation between flood basalt eruptions
(LIPs) and extinction events since the eruption of the first
Pangea-related flood basalts (Siberian Traps at 250 Ma) (Figure
2). We suggest that these “mantle events” induced ocean anoxia
and played an important role in these extinction events.

Although the age assignments associated with both the ig-
neous and sedimentary rock units being described are generally
poorly constrained, it is likely that second order87Sr/86Sr ratio
minima precede the LIP eruption (e.g., the late Permian87Sr/
86Sr ratio minimum and the Siberian and Emeishan flood
basalts; Yale, 1998). The interaction of a large mantle plume
head with both thick continental and thin oceanic crust will
probably result in SFH activity (and potentially other forms of
volcanic activity) preceding the flood basalt eruption. Although
both can potentially add mantle-derived Sr to seawater, SFH
activity is presumably a more efficient mechanism for Sr de-
livery to the oceans (e.g., Ingram et al., 1994; Yale, 1998). The
correlation between mantle Sr fluxes and LIP eruptions is
strong, but further examination of the timing of eruptions and
87Sr/86Sr ratio minima is needed.

The relation between second order minima in marine87Sr/
86Sr ratios and LIP eruptions strongly suggests that mantle
fluxes are enhanced during these events. Conversely, the rela-
tive contribution of continental weathering (and therefore de-
livery of oxidized sulfur to the ocean from sedimentary pyrite)
is minimized. On the basis of decreases in both marine87Sr/
86Sr ratios andd34S values, we conclude that the oxygen
system responds to these mantle events (consuming O2) and
thus enhances burial of organic matter. Thus, the conclusion of
Carpenter and Lohmann (1997) that the sulfur system drives
the carbon system (via the oxygen system) seems justified. If,
however, we assume that there is no SFH flux of sulfur with
these events (as suggested by Petsch), then there is no account-
ing for the mantle-derived strontium (and sulfur). Therefore,

Fig. 2. Cumulative volume of LIPs (flood basalts) associated with the
assembly and break-up of Pangea (data from Yale, 1998). Grey circles
represent LIPs occurring between 120 and 80 Ma and represent the
timing of the supposed Mid-Cretaceous superplume event. The dashed
line is a 4th order polynomial fit through the data exclusive of the
Mid-Cretaceous data. From Yale and Carpenter (1998).
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we must conclude that the isotopic chemistry of the ocean
responds to large-scale changes in mantle convection and mod-
ification of SFH systems.

4. EVENTS NOT EXPLAINED BY WEATHERING OF
SEDIMENTARY SULFIDES

Several carbon isotope excursions in the marine record are
worthy of further modeling. Three quickly come to mind: 1) The
Late Ordovician (Hirnantian) where there is as much as a 6‰
increase in marined13C values in;1 million years but rela-
tively little change ind34S values (e.g., Claypool et al., 1980;
Brenchley et al., 1994; Gibbs et al., 1997; Kump et al., 1995;
see Carpenter and Lohmann, 1997 for discussion); 2) The Late
Permian (e.g., Gruscyzinski et al., 1989; Mii et al., 1997;
Bowring et al., 1998); and 3) The oceanic anoxic events of the
Mesozoic (e.g., Scholle and Arthur, 1980; Ingram et al., 1994;
Yale, 1998).

Given that Petsch (1999) and Petsch and Berner (1998)
provide a model that potentially constrains the effects of non-
steady-state perturbations in the C-O-S system, it is reasonable
to compare their model with available empirical data. We have
chosen data from the Late Permian as a test of their model.
Figure 3 describes the correlation between the highd13C values
of marine carbonates of this period and the occurrence of
voluminous sulfate deposits with very lowd34S values and
87Sr/86Sr ratios. It is difficult to reconcile the Phanerozoic
maximum d13C value and the Phanerozoic minimumd34S

value and87Sr/86Sr ratios with enhanced weathering of sedi-
mentary pyrite and burial of organic matter alone. While these
phenomena may potentially explain the C and S isotope data,
they have no bearing on marine87Sr/86Sr ratios. In contrast,
processes associated with an increase in mantle fluxes and
seafloor hydrothermal systems can accomodate all three sys-
tems simultaneously.

Clearly there can be large and rapid perturbations of the
carbon system without a significant change in the sulfur system.
The model described by Petsch (1999) fails to explain docu-
mented empirical data (Figure 4). Petsch’s model indicates that
a 20% change in the burial of organic carbon produces a 1‰
change in marine carbonated13C values. Given these input
parameters, the carbon isotope variation observed in the Upper
Permian would require a 60% increase in Corg burial followed
by a 170% decrease in Corg burial between 268 and 252 Ma.
These results strongly suggest that the model parameters used
by Petsch (1999) and Petsch and Berner (1998) are not correct.

The high d13C values for the Upper Permian reported by
Grusczynski et al. (1989; 1992) have been confirmed by Mii et
al. (1997). Therefore, the marked increase ind13C values from
;14 to 18‰ during the Late Permian has been replicated in
two independent studies. The subsequent decrease in the Grus-
czynski et al. (1989) data near the Permian-Triassic boundary
was not observed by Mii et al. (1997). However, carbon isotope
data from China indicate thatd13C values decrease abruptly (to
values as low as26‰) near the Permian-Triassic boundary

Fig. 3. Summary of selected Late Permian strontium, carbon and sulfur isotope data. A. Correlation of87Sr/86Sr ratios
from Zechstein Fm. anhydrite (Kramm and Wedepohl, 1991) and Kapp Starostin Fm. brachiopods (Gruszczynski et al.,
1992), and biogenic phosphates from various Formations (Martin and Mcdougall, 1995). All data are normalized to an
NBS-987 value of 0.710238. B.d13C values of the Gruszczynski et al. (1992) samples plotted in Fig. 3A. C.d34S values
of the Kramm and Wedepohl (1991) samples plotted in Fig. 3A. The general trend of the Claypool et al. (1980) data for
the same time period is represented by the shaded area.

764 S. J. Carpenter and K. C. Lohmann



(Bowring et al., 1998). Irrespective of the casual links between
the d13C value decreases and the Permian-Triassic extinction
event, the Petsch model cannot accomodate the 4‰ increase
during the Late Permian. Given that these data are at the time
scale described by Petsch (1999), it is clear that this model does
not account for such non-steady-state changes. Moreover, it is
unclear whether the changes that the Petsch model describes
exist or are to be found in the rock record.

The initiation of enhanced mantle convection and flood
basalt volcanism (and likely SFH activity) at the same time as
the secular variation of the late Permian is not fortuitous. Yale
and Carpenter (1998) have shown that there is a direct relation
between plume-related igneous activity and insulation of the
mantle resulting from the assembly of Pangea. An example of
this is the increase in the eruptive volume of LIPs (flood
basalts) following the assembly of Pangea (320 to 160 Ma;
Figure 2). The Late Permian is the time just prior to the
eruption of the first Pangea-related LIPs (Siberian Traps and
Emeishan Flood Basalt). In addition, the correlation of these
Phanerozoic extremes in the C, S, and Sr isotope ratios coincide
with exceptionally large deposits of marine sulfates that are not
uniquely interpreted as evaporites (e.g., Zechstein and Castille
Formations). If these sulfate deposits are the result of direct
precipitation from seawater, then it is likely that this period is
marked by elevated marine Ca21 and/or SO4

5 concentrations.
Conversely, if this sulfate is the result of weathering of sedi-
mentary pyrite, then continental weathering should be en-
hanced during the Late Permian. Although Benison et al.
(1998) have suggested that Permian lakes and groundwater in
central North America were acidic, marine87Sr/86Sr ratios and
d34S values (both unequivocally mantle-derived) suggest that
continental weathering fluxes are low, relative to mantle fluxes.

5. PROTEROZOIC D13C–D34S RELATIONS

Petsch’s model also fails to explain the marked difference in
the slope of the Phanerozoic and Proterozoicd13C–d34S rela-

tions (slopes of20.24 and 0.50, respectively; Strauss, 1993;
Carpenter and Lohmann, 1997). We stand by our interpretation
that the Proterozoicd13C–d34S relation is the result of signif-
icantly higher SFH fluxes.

6. CONCLUSION

Seafloor hydrothermal systems exist. Sulfur flux estimates
from these systems are significant. Without any evidence sug-
gesting that reported sulfur flux estimates from these systems
are invalid or grossly overestimated, incorporation of these
fluxes and isotope ratios into models is justified. Empirical data
from Upper Permian rocks indicate that the model presented by
Petsch (1999) and Petsch and Berner (1998) fails to account for
non-steady-state perturbations of the marine carbon and sulfur
systems. A preponderance of evidence suggests that ocean
chemistry responds to long-term changes in mantle activity.
Only by using mantle-fluxes can a satisfactory explanation of
marined13C andd34S values and87Sr/86Sr ratios be achieved.
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