SCIENTIFIC CORRESPONDENCE

culations indicate that seafloor basalt
weathering rates, near the pH of sea
water, should be very insensitive to
changes in atmospheric CO,, precluding
this process as an important CO, feed-
back mechanism'®, Hence, in the Raymo
and Ruddiman model, atmospheric CO,
could vary widely because the CO; con-
centration is not fixed by a set of feed-
backs.

A more inclusive model for the evolu-
tion of atmospheric CO; should attempt
to consider quantitatively all major pro-
cesses affecting the carbon cycle, includ-
ing the role of Planl evolution as it
affects weathering!’, changes in the posi-
tion of continents relative to climate
zones'®, the importance of marine versus
terrestrial burial of organic matter'®, the
transfer of carbonate from the shelves to
the deep sea®, the effect of uplift on
weathering' and so on. These factors are
already considered in a preliminary man-
ner in an existing model’.

Raymo and Ruddiman have drawn
attention to one potentially important
factor in long-term climate change. Still,
there is no need to propose a dichotomy
between tectonic uplift and CO, degas-
sing, because no one factor can explain
atmospheric CO, changes over all time.
Significant changes could well result
from a simultaneous combination of any
mumber of forcing factors.
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RAYMO AND RUDDIMAN REPLY — The
“dichotomy” we really present is be-
tween carbon cycle models assuming a
positive dependence of silicate and car-
bonate weathering rates on atmospheric
CO, and temperature? > and those that
do not'?2 In all BLAG-type models,
including Berner’s’, chemical weathering
rates decrease as global temperatures
fall (and vice versa). This is the result
of a dimensionless feedback function
included in these models. Viewed in
isolation from other factors, this
temperature-weathering feedback is of
course correct. But we have suggested
that an entirely different factor (tectonic
uplift) is a more important control of
chemical weathering in the real world.
Modern river studies™?* support our
view that chemical weathering is highly
sensitive to uplift-related factors (ex-
posure of folded, faulted, and largely
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unweathered rock; uplift induced pre-
cipitation and  runoff).  Likewise,
proxy records’* * indicate an in-
crease in global chemical weathering
rates over the past 100 Myr, a time of
global cooling,.

Both Volk and Caldeira et al. regard
our challenge to the ecarlier view of
chemical weathering as “conceptual” in
nature, and Volk states that our views
should be held up to the quantitative
scrutiny that more detailed (“matter-
conserving”) models can provide. But
their criticisms miss a key point implicit
in our paper. Such models can only be
used for verification if their key par-
ameterizations and assumptions are
sound. Matter-conserving numerical
models supporting our view have been
built?**. We do not consider the fact
that these models work to be “an essen-
tial test” of our hypothesis. Rather, a
numerical model has been constructed
which provides fewer conflicts with
existing geological data (the true test).

A second key issue is the need for
carbon fluxes sensitive to CQO, levels
and/or climate to provide a negative
feedback that avoids a runaway ‘ice-
house” or ‘greenhouse’. Instead of the
temperature—weathering feedback, we
point to the likelihood of carbon tiuxes
from other components of the global
carbon cycle, such as the organic carbon
subcycle!, basalt weathering®, or some
place as yet unforeseen, playing such a
role. Contrary to the specific criticisms
of Volk and Caldeira ef al., small vari-
ations in the fraction of carbon buried as
organic matter versus carbonate (from
~25 to ~20%) can provide enough CO,
to balance a 409% increase in the chem-
ical weathering of silicates, carbonates
and organic-rich rocks. To oxidize this
much carbon would require oxygen
levels within ~10% of Berner’s own

estimates of Eocene O, levels®. With
the exception of a small downturn over
the past 10 Myr, sulphur isotopes have
been increasing for the past 100 Myr
(refs 9, 10, 31) making this postulated
oxygen consumption even less of a prob-
lem. To attribute the bulk carbonate
8'3C data of Shackleton to changing
photosynthetic  fractionation  factors
would require a decrease much larger
than suggested by data (>10". over 20
Myr, compared to 5-7%. change
observed over the past 100 Myr; refs 32,
33). And, contrary to the statement of
Caldeira ef al. we did reference previous
attempts to model the organic carbon
cycle (including refs 5, 7) and attributed
our divergence of opinion to the use of
different assumptions and data sets (see
ref. 34 versus ref. 8).

The Walker and Berner carbon-cycle
models revolutionized our thinking of
long-term climate evolution and the
global carbon cycle. However, mounting
evidence suggests a world more compli-
cated than this generation of models
would imply. We are sure that our critics
would agree that science advances by
close scrutiny of both models and data.
In this case, we believe sufficient mod-
ern (and palaco) data exist to raise
serious questions about the chemical
weathering parameterization of the
BLAG model (and similar models) of
long-term climate change.
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