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QUATERNARY GLACIAL CYCLES: KARST PROCESSES
AND THE GLOBAL CO, BUDGET

KVARTARNE POLEDENITVE: KRASKI PROCESI
IN GLOBALNA BILANCA CO,

Erik B. LARSON' & John E. MYLROIE?

Abstract UDC 551.435.8:546.264-31
546.264-31:551.79
Erik B. Larson & John E. Mylroie Quaternary glacial cycles:
Karst processes and the global CO, budget
Extensive research has been conducted investigating the re-
lationship between karst processes, carbonate deposition and
the global carbon cycle. However, little work has been done
looking into the relationship between glaciations, subsequent
sea level changes, and aerially exposed land masses in rela-
tion to karstic processes and the global carbon budget. During
glaciations sea-level exposed the world’s carbonate platforms.
With the sub-aerial exposure of the platforms, karst processes
can occur, and the dissolution of carbonate material can com-
mence, resulting in the drawdown of CO, from the atmosphere
as HCO;. Furthermore, the material on the platform surfaces is
primarily aragonite which is more readily soluble than calcite
allowing karst processes to occur more quickly. During glacia-
tions arctic carbonates and some of the temperate carbonates
are blanketed in ice, effectively removing those areas from karst
processes. Given the higher solubility of aragonite, and the ex-
tent of carbonate platforms exposed during glaciations, this
dissolution balances the CO, no longer taken up by karst pro-
cesses at higher latitudes that were covered during the last gla-
cial maximum The balance is within 0.001 GtC / yr, using soil
pCO; (0.005 GtC / yr assuming atmospheric pCO,) which is a
difference of <1% of the total amount of atmospheric CO, re-
moved in a year by karst processes. Denudation was calculated
using the maximum potential dissolution formulas of Gombert
(2002). On a year to year basis the net amount of atmospheric
carbon removed through karstic processes is equivalent be-
tween the last glacial maximum and the present day, however,
the earth has spent more time in a glacial configuration during
the Quaternary, which suggests that there is a net drawdown
of atmospheric carbon during glaciations from karst processes,
which may serve as a feedback to prolong glacial episodes. This
research has significance for understanding the global carbon
budget during the Quaternary.
Keywords: Karst, Global Carbon Budget, Quaternary, Last
Glacial Maximum, Carbonate Dissolution.

UDK 551.435.8:546.264-31
546.264-31:551.79
Erik B. Larson & John E. Mylroie Kvartarne poledenitve:
kraski procesi in globalna bilanca CO,
O pomenu kragkih procesov v globalni bilanci ogljika je bilo
narejenih veliko $tevilo raziskav, le malo pa jih govori o pov-
ezavi med poledenitvami ter z njimi povezanimi spremembami
morske gladine in izpostavljenost kraskega povrsja zakraseva-
nju. Med poledenitvami je zaradi padca morske gladine ve¢ina
karbonatnih platform izpostavljenih meteornemu zakrase-
vanju. Preko raztapljanja se CO, iz zraka pretvarja v bikarbonat
v raztopini. Karbonatne platforme so grajene pretezno it ara-
gonita, ki je bolj topen od kalcita, kar $e dodatno prispeva k
omenjeni pretvorbi. Po drugi strani pa so med poledenitvami
karbonati v arkti¢nih in v nekaterih zmernih klimatskih paso-
vih pokriti z ledom in na ta nacin izkljuéeni iz procesov zakra-
sevanja. Po nasih ocenah se u¢inek obeh mehanizmov iznic¢i v
okviru nekaj tiso¢ink gigatone ogljika letno, kar je manj kot 1 %
celotnega atmosferskega CO,, ki ga sicer odstranijo kraski pro-
cesi. Na letni bazi je torej koli¢ina atmosferskega ogljika, ki ga
odstranijo kraski procesi danes, enaka kot v obdobju polede-
nitvenega viska. Po drugi strani pa je ve¢ji delez kvartarja pri-
padal poledenitvam. Raziskava ima pomen za razumevanje
globalnega ravnotezja ogljika v kvartarju.
Klju¢ne besede: Kras, globalna bilanca ogljika, kvartar, zadnji
poldedenitveni maximum, raztapljanje karbonatov.
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INTRODUCTION

Karst processes have long been known to result in the
drawdown of atmospheric CO, (e.g. Ford & Williams
2007; White 1988). The process results in the sequestra-
tion of one molecule of CO, for each molecule of calcium
carbonate dissolved (equation 1).
CaCO, + CO, + H,O > Ca** + 2HCO;  (Equation 1)

This process has been proposed to result in signifi-
cant removal of atmospheric CO, (e.g. Gombert 2002;
Liu et al. 2011; Mylroie 1993; 2008). Gombert (2002)
proposed that on the global scale karst denudation re-
sulted in the removal of 0.3 Gt of C per year from the
atmosphere. This 0.3 Gt C per year represents 21% of
the unknown carbon sink in the continental biosphere
suggesting that karst processes play a significant role in
balancing the global carbon budget (Gombert 2002; Liu
et al. 2011; Schimel et al. 1996).

The goal of this study is to determine the amount
of carbon that is removed from the atmosphere during
karst dissolution on a global scale for the present day and
during the last glacial maximum (LGM) and to deter-
mine if the amount of carbon withdrawn during these
two time periods balances out. The only other study to
examine this issue looked only at a local scale in the Ba-
hamas (Mylroie 1993). Mylroie (1993) discovered that
the sequestration of carbon during the LGM by carbon-
ate dissolution and release of carbon during the present
day from carbonate deposition resulted in a net balance
when viewed over the average length of glacial and inter-
glacial cycles.

The material presented below represents the con-
tinuation of Mylroie’s (1993) efforts applied to a global
scale.

METHODS

Karst denudation was modeled using Gombert’s (2002)
maximal potential denudation model that is based on
White’s (1984; 1988) maximum dissolution model. Go-
mbert’s (2002) model is a climatic model which requires
as inputs only effective precipitation, pCO,, temperature
to correct the equilibrium constants and karstic area. Go-
mbert’s (2002) model was applied to the different Képpen
climate zones in an effort to model global karst denuda-
tion more accurately.

The Képpen climatic zones used were: polar, cold,
cold temperate, warm temperate, Mediterranean, desert,
subtropical, wet tropical and equatorial as suggested by
Gombert (2002).

Effective precipitation in the modern day was cal-
culated using the precipitation data of Miller (1949) and
evapotranspiration data from Mu et al. (2011). Effective
precipitation during the LGM was calculated using rain-
fall data from Miller (1949), which was corrected for the
LGM as suggested by Clark et al. (1999), and evapotrans-
piration data were derived from Bush & Philander (1999).

pCO, data were calculated using Brooks™ (1983)
model for soil pCO, using effective precipitation. Atmo-
spheric pCO, was also used to provide an end member
condition that would be similar to no soil cover at all
(Palmer 2007).

Equilibrium constants for calcite and aragonite in
the present day were corrected for temperature using
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Miller’s (1949) temperature data. The equilibrium con-
stants used came from Plummer and Busenberg (1982).
The equilibrium constants used during the LGM were
modified using Clark et al.s (2009) temperature correc-
tion.

Karstic area was calculated using Ford and Williams’
(2007) global karst map; the Képpen climatic zones were
overlaid on this resulting in karst areas for the different
climate zones. During the glaciations when sea-level
dropped, the carbonate platforms and coral reefs around
the world would have become sub-aerially exposed re-
sulting in an increase in karstic areas of 1.25 million km?
(Smith 1978). These newly gained areas were then placed
into their respective climatic zones. These new areas were
treated to be aragonite instead of calcite (as all other ar-
eas were treated) as the sediments in the coral reefs and
on the carbonate platforms are predominately aragonite
(Reijmer et al. 2009).

As a result of glaciations several high latitude and
high altitude karst areas were covered with glaciers ef-
fectively removing them from karstic processes. A total
of 4.7 million km? of karst area was removed from the
global karst areas and each subset was then subtracted
from their respective climatic zones (Clark & Mix 2002;
Velichko et al. 1997).

With all these parameters now defined, Gombert’s
(2002) maximal potential dissolution model was applied
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to the different climatic zones. The model was run us-
ing either atmospheric or soil pCO, and either assum-
ing all the carbonate material was calcite or that some of
the newly exposed carbonate areas during the LGM were
aragonite, resulting in four model runs. These models
and the assumptions within them can cause significant
spread in the final denudation rates. White (2007) re-

ports that karst denudation rates in the present can vary
over an order of magnitude within a geographic area.
However, when viewed over a large scale these deviations
should cancel out, and as long as there is consistency in
the calculations these errors should cancel out between
the present and the LGM resulting in a net difference
that is precise.

RESULTS

Denudation rates in the different climatic zones were
determined to vary from 10 mm per thousand years, up
to 100 mm per thousand years depending on the pCO,
and climatic conditions. The extrapolation of these
denudation rates to volume of carbon drawn from the
atmosphere, assuming soil pCO, and all calcite mineral-
ogy, can be found in Tab. 1. The volume of carbon re-

Tab. 1: The calculated maximal potential dissolution of karst pro-
cesses around the world. These data were created using soil pCO,
and assuming all the CaCO, was calcite.

Present Day LGM | Difference
Polar 2.80E+10 | 7.86E+09 2.01E+10
Cold 5.58E+10 | 5.33E+10 2.49E+09
Cold Temperate 2.42E+11 | 1.98E+11 4.45E+10
Warm Temperate 1.26E+11 | 1.36E+11 | —9.65E+09
Mediterranean 3.46E+10 | 3.79E+10 | —-3.26E+09
Desertic 1.31E4+09 | 2.57E+09 | —1.26E+09
Subtropical 1.39E+10 | 2.35E+10 | —9.58E+09
Wet Tropical 1.73E+11 | 2.04E+11 | —3.14E+10
Equitorial 6.43E+10 | 6.60E+10 | —1.72E+09
Total (m3/ 1000yr) 7A0E+11 | 7.29E+11 1.03E+10
Total (GtC/ yr) 0.222 0.219 0.003

moved from the atmosphere assuming soil pCO, and
both calcite and aragonite mineralogy can be found in
Tab. 2. The volume of carbon taken out of the atmos-
phere assuming atmospheric pCO, and only calcite can
be found in Tab. 3. Finally, the volume of carbon drawn
from the atmosphere assuming atmospheric pCO, and
calcite and aragonite mineralogy can be found in Tab. 4.
A summary table of all the different volumes of carbon
removed can be found in Tab. 5.

In summary about 0.21 Gt C per year are with-
drawn under all the various karst dissolution models, for
both the present day and the last glacial maximum. In

Tab. 2: The calculated maximal potential dissolution of karst pro-
cesses around the world. These data were created using soil pCO,
and assuming that the currently exposed CaCO, is calcite, but
the coral reefs and carbonate platforms are covered with arago-
nite sediment.

Present Day LGM | Difference
Polar 2.80E+10 | 7.86E+09 2.01E+10
Cold 5.58E+10 | 5.33E+10 2.49E+09
Cold Temperate 2.42E+11 | 1.98E+11 4.45E+10
Warm Temperate 1.26E+11 | 1.36E+11 | —9.65E+09
Mediterranean 3.46E+10 | 3.79E+10 | —3.28E+09
Desertic 1.31E4+09 | 2.57E+09 | —1.26E+09
Subtropical 1.39E+10 | 2.38E+10 | —9.90E+09
Wet Tropical 1.73E+11 | 2.19E+11 | —4.62E+10
Equitorial 6.43E+10 | 6.60E+10 | —1.72E+09
Total (m3/ 1000yr) 7A40E+11 | 7.44E+11 | —4.82E+09
Total (GtC/yr) 0.222 0.223 —-0.001

Tab. 3: The calculated maximal potential dissolution of karst
processes around the world. These data were created using atmo-
spheric pCO, and assuming all the CaCO, was calcite.

Present Day LGM | Difference
Polar 4.43E+10 | 1.24E+10 3.18E+10
Cold 7.25E+10 | 6.93E+10 3.23E+09
Cold Temperate 2.19E+11 | 1.78E+11 4.02E+10
Warm Temperate 1.39E+11 | 1.50E+11 | —1.06E+10
Mediterranean 4.13E+10 | 4.51E+10 | —3.88E+09
Desertic 2.32E+09 | 4.80E+09 | —2.48E+09
Subtropical 8.98E+09 | 1.55E+10 | —6.57E+09
Wet Tropical 1.28E+11 | 1.60E+11 | —3.20E+10
Equitorial 3.55E+10 | 3.56E+10 | —8.92E+07
Total (m3/ 1000yr) 6.91E+11 | 6.71E+11 1.96E+10
Total (GtC/ yr) 0.207 0.201 0.006
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Tab. 4: The calculated maximal potential dissolution of karst

Tab. 5: The summary data from tables 1-4.

processes around the world. These data were created using atmo- oy
spheric pCO, and assuming that the currently exposed CaCO, is yr
calcite, but the coral reefs and carbonate platforms are covered Scenario Present Day| LGM Difference
with aragonite sediment.
Soil pCO, — Calcite 0.219 0.003
Present Da LGM | Difference i - i 0.222
y SAO|I pCQt2 Calcite & 0.223 ~0.001
Polar 443E+10 | 1.24E+10 | 3.18E+10 ragonite
Cold 7.25E+10 | 6.93E+10 | 3.23E+09 Atmospheric pc0, - 0.201 0.006
0.207
Cold Temperate 2.19E+11 | 1.78E+11 4.02E+10 Atmospheric pcO, - 0,202 0,005
Warm Temperate 1.39E+11 | 1.50E+11 | —1.06E+10 Calcite & Aragonite - :
Mediterranean 4.13E+10 | 4.52E+10 | —3.91E+09
Desertic 2.32E+09 | 4.80E+09 | —2.48E+09 most cases the amount of carbon withdrawn from the at-
Subtropical 8.98E+09 | 1.58E+10 | —6.78E+09 mosphere during the LGM is slightly less than that in the
Wet Tropical 1.28E+411 | 1636411 | —3.44E+10 present day, but the difference is less than 1%.
Equitorial 3.55E+10 | 3.56E+10 | —8.92E+07
Total (m3/ 1000yr) 6.91E+11 | 6.74E+11 1.70E+10
Total (GtC/ yr) 0.207 0.202 0.005
DISCUSSION:

The total 0.21 Gt C per year that are removed from the
atmosphere by karst processes in the modern day cor-
relates well within the 0.11 - 0.47 Gt C per year that
have been calculated by previous workers (e.g. Gomb-
ert 2002; Liu et al. 2011). Given that the current data
matches well with previous work, some of which used
different methods, provides confidence for the rest of
the data and the conclusions regarding the LGM. The
amount of carbon removed from the atmosphere may
not actually be sequestered; the carbon as CO, could
degas from surface water bodies back to the atmos-
phere, or be deposited as tufas (Equation 1) before even
reaching the oceans where the carbon could be depos-
ited as carbonates.

THE LAST GLACIAL MAXIMUM
The amount of carbon withdrawn from the atmosphere
during the present day and during the LGM is essentially
equal, at about 0.21 Gt C per year (Tab. 5). During the
LGM sea-level was about 125 meters lower than today
resulting in the sub-aerial exposure of coral reefs and
carbonate platforms, while covering up high latitude and
high altitude areas with glaciers. Some carbonate plat-
forms, such as the Bahamas, become exposed with a sea-
level fall of only 20 m; almost all carbonate platforms are
exposed by a sea-level fall of 60 m. Given that the amount
of carbon removed from the atmosphere through karst
processes balances between these two times with signifi-
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cant geographic changes implies that land area fluctua-
tions, in conjunction with modified climate are sufficient
to make up for the glacial impacts. Taking into account
the mineralogy changes helps to account for some of the
difference between the present day and the LGM, but it
has relatively insignificant control in the total carbon vol-
ume calculations (Tab. 5).

During the cycling from glacial to non-glacial peri-
ods there would be regional variation in the amount of
karst denudation (and subsequent draw down of atmo-
spheric carbon) as White (2007) demonstrated, occurs
during the present day. This variation is in part due to
the heterogeneous nature of the rocks, the pCO,, and
precipitation conditions. However, if the same assump-
tions are made in the calculations for karst denudation
in the present and during the LGM these errors should
effectively cancel out, and the net difference (or lack of
difference in the case of this study) becomes significant
in demonstrating the net amount of carbon removed
from the atmosphere during the present and LGM are
equivalent.

During the Quaternary, glacial periods have lasted
about 10 times longer than the interglacial periods (e.g.
Mylroie 1993). This is significant because when looked at
over the entire Quaternary it becomes obvious that there
would be a net removal of atmospheric carbon due to
dissolution processes occurring from carbonate platform
exposure. This may result in a feedback mechanism re-
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sulting in the prolonging of glacial periods, as proposed
by Mylroie (1993).

Throughout this research the deposition of carbon-
ates has been ignored from the net balance, but now it
will be addressed. During LGM the sea-level drop would
cause the carbonate factory to become sub-aerially ex-
posed; the shutdown of the carbonate factory would
prevent the deposition of significant carbonate sedi-
ments and prevent the release of that CO, into the at-
mosphere (Equation 1). At the present day the carbon-
ate factory is actively releasing CO, into the atmosphere,
and based on this qualitative statement there should be a
net sequestration of carbon during glacial periods and a
net release of carbon during interglacial periods caused

by karst processes. For the Bahama platform, Mylroie
(1993; 2008) demonstrated that the carbon flux through
a glacial-interglacial cycle was equal. The rapid release of
CO, by carbonate deposition during a ~ 10ka interglacial
was compensated almost exactly by the ten times slower
CO, sequestration during the ~100 ka of glacioeustatic
platform exposure. This loss of atmospheric CO, due to
global processes (e.g. primary productivity) including
karstic processes during the Quaternary is documented
in the Vostok ice core by higher atmospheric CO, dur-
ing interglacial periods and lower atmospheric CO, dur-
ing glacial periods (e.g. Falkowski et al. 2000; Petit et al.
1998).

CONCLUSIONS

Given the maximal potential denudation formula of Go-
mbert (2002) the global carbon budget was calculated
with respect to karst dissolution for both the present day
and the LGM. Karstic processes result in the removal of
atmospheric carbon through dissolution (equation 1).
Both the present day and LGM were found to remove
0.21 Gt C per year from the atmosphere, within 1% of
each other regardless of the model used. This represents
16% of the unknown carbon sink of the continental bio-
sphere (Schimel et al. 1996). Furthermore, this research
demonstrates that through land area changes, climatic
changes and mineralogy differences the amount of car-
bon removed through karstic dissolution processes in the
present is equivalent to the amount removed from the
atmosphere during the LGM. What is different, given the
steep-sided nature of most carbonate platforms, is that

carbonate deposition is greater during an interglacial
than during a glacial cycle, perhaps compensated for by
the longer duration of glacial cycles compared to inter-
glacial conditions. Furthermore, the yearly balance be-
tween today’s atmospheric carbon removal by karst proc-
esses and the LGM’s carbon drawdown by karst processes
indicates the importance of climate in karst dissolution.
The loss of 4.7 million km? of karst area in high latitude
and high altitude regions to ice cover during a glaciation
is exactly compensated by the gain of 1.25 million km? of
karst area in tropical and subtropical regions due to sea
level fall. Finally, this research is significant as it is the
first to quantify the effect the Quaternary glaciations had
on karstic processes with respect to atmospheric carbon
removal.
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