COBISS: 1.02

CARBON FLUXES IN KARST AQUIFERS: SOURCES, SINKS,
AND THE EFFECT OF STORM FLOW

TOK OGLJIKA V KRASKIH VODONOSNIKIH: IZVORI,
PONORI IN UCINKI POPLAVNIH TOKOV
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Abstract UDC 546.26:551.444
William B. White: Carbon fluxes in Karst aquifers: Sources,
sinks, and the effect of storm flow

An effective carbon loading can be calculated from measured
alkalinity and pH of karst waters. The carbon loading is inde-
pendent of the degree of saturation of the water and does not
depend on the water being in equilibrium with the carbonate
wall rock. A substantial data base of spring water analyses ac-
cumulated by students over the past 40 years has been used to
probe the CO, generation, transport, and storage in a variety
of drainage basins that feed karst springs. Carbon loading in
the water exiting karst drainage basins depends on the rate
of CO, generation in the soils of the catchment areas and on
the partitioning between CO, dissolved in infiltration water
and CO, lost by diffusion upward to the atmosphere. For any
given drainage basin there are also influences due to vegetative
cover, soil type, and the fraction of the water provided by sink-
ing stream recharge. Losses of CO, back to the atmosphere oc-
cur by speleothem deposition in air-filled caves, by degassing
of CO, in spring runs, and by tufa deposition in spring runs.
There are seasonal cycles of CO, generation that relate growing
season and contrasts in winter/summer rates of CO, genera-
tion. Overall, it appears that karst aquifers are a net, but leaky,
sink for atmospheric CO,.
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Izvlecek UDK 546.26:551.444
William B. White: Tok ogljika v kraskih vodonosnikih: izvori,
ponori in ucinki poplavnih tokov

Vsebnost ogljika (carbon loading [ g/1]) v kraskih vodah lahko
dolo¢imo z meritvijo alkalnosti in pH. Vsebnost je neodvisna
od stopnje nasicenja in stanja ravnotezja vode glede na karbo-
natno mati¢no kamnino. Za vrednotenje izvorov, prenosa in
skladis¢enja CO,, smo uporabili obsezno bazo geokemijskih
podatkov iz ve¢ kraskih sistemov v ZDA. Ti podatki so bili pri-
dobljeni v okviru razli¢nih $tudentskih del v zadnjih 40 letih.
Vsebnost ogljika v kraskih vodah je odvisna od intenzivnosti
produkcije CO, v prsti kraskega zaledja in razmerja med delom
CO,, ki se porabi za raztapljanje karbonatov in delom CO,, ki
se z difuzijo vrne nazaj v atmosfero. Pri tem so pomembni vpli-
vi vegetacije, tipa prsti in delez vode, ki jo v zaledje prinesejo
ponornice. Izgube CO, v atmosfero nastajajo z izlo¢anjem sige,
z razplinjanjem CO, na izvirih in izlocanjem lehnjaka. Izvori,
transport in ponori CO, so tudi sezonsko pogojeni. Ce povza-
memo, je kraski vodonosnik neto, vendar puscajoci, ponor
o,

Klju¢ne besede: Co,, kraski vodonosnik, izviri, vsebnost oglji-
ka.

INTRODUCTION

Concern over rising CO, levels in the atmosphere and
their probable influence on climate has prompted an in-
tense interest in the global cycle of CO, including both

natural and anthropogenic sources and sinks. Rock
weathering by chemical reactions of silicate minerals
with CO,-bearing solutions has been identified as a CO,
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sink and therefore a site of carbon sequestration (Gail-
lardet et al. 1999; Franck et al. 1999; Kump et al. 2000;
Moosdorf et al. 2011). Rock weathering in carbonate ter-
rain remains somewhat enigmatic. Dissolution of lime-
stone and dolomite by CO,-bearing ground waters con-
sumes CO, and has been proposed as an explanation for
about one fourth of an unknown sink in the continental
biosphere (Gombert 2002). However, other karstic proc-
esses can release the CO, back into the atmosphere with
the net effect of transferring carbon but not sequester-
ing it. As a consequence, some authors discount carbon-
ate rock weathering as an important contributor to the
carbon flux. Earlier estimates (Liu & Zhao 2000) assign
about one fourth of the carbon flux in karst terrain to a
carbon sink with the remaining three fourths recycled by

rainfall and atmospheric circulation. Later calculations
by Liu et al. (2011) argue that the CO, sink from carbon-
ate rock weathering has been underestimated.

There have been many investigations of the chem-
istry of karst waters but most are concerned with satu-
ration state and the dissolution and precipitation of
carbonate minerals. The present study uses the same
data recalculated as total dissolved inorganic carbon to
probe the various controlling influences and to deter-
mine whether it is possible to tally the karst components
of the CO, budget. These calculations apply to carbon
fluxes in individual karstic drainage basins and do not
address carbon fluxes on a global scale. However, when
the sources and sinks are added up, should karst aquifers
be included as a CO, sink in the global carbon budget?

CARBON FLUXES IN KARST AQUIFERS: THE CONCEPTUAL MODEL

Superficially, the function of karst processes in CO, trans-
port and sequestration can be described by the reaction
CaCoO, + CO, + H,0 » 2HCO; + Ca* (1)
For each mole of calcite dissolved, a mole of CO,
is extracted from the environment and a mole of CO,
is released from long-term sequestration in the car-
bonate rock. The carbon is transported through the
karst drainage basin mainly as dissolved CO, and
bicarbonate ions carried in solution to a spring and

then taken out of the basin by surface streams. Un-
fortunately, the reaction above and other reactions in
carbonate chemistry are easily reversible. The actual
carbon flux through karst aquifers is much more com-
plicated and involves both sources and sinks. Most
importantly with regard to karst aquifers as overall
CO, sinks is that the systems are leaky and there are
multiple pathways by which CO, consumed in car-
bonate reactions can be returned to the atmosphere.
Fig. 1 gives a schematic of the most important interac-
tions and flow paths.
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The background reservoir for CO, budgets is the
atmosphere. The CO, concentration in the atmosphere
as of 2012 is 0.0395 volume percent. This value is drawn
from the CO, records collected at Mauna Loa observa-
tory, Hawaii. The Mauna Loa data are available on the
National Oceanographic and Atmospheric Administra-
tion website.

Atmospheric carbon dioxide dissolves in atmo-
spheric moisture and is carried to the ground by rainfall.
Even this seemingly simple process is more complicated
than it seems. Some portion of the rainfall evaporates
taking both the water and the dissolved CO, back into
the atmosphere. Some portion is taken up by growing
plants with a portion of the water returned to the atmo-
sphere by transpiration. The CO, in this portion may be
retained by the plants as part of their biomass. Finally,
a third portion of the rainfall infiltrates deeper into the
soil, carrying its load of dissolved CO, deeper into the
epikarst.

Direct extraction from the atmosphere is not the
primary source of CO, driving carbonate rock dissolu-
tion. CO, concentrations in soils typically range from
fractions of a percent to as high as ten percent due to
CO, from plant roots, from microbial activity, and from
decaying vegetation. Thus the carbon flux through karst
aquifers is, in large part, spun off from the vegetative car-
bon cycle.

Photosynthesizing plants draw CO, from the atmo-
sphere and sequester the carbon temporarily as cellulose
and other plant components (their bulk composition
represented as CH,O). In rough mass-balance terms:

CO,+H,0>CHO0+0, )

When the vegetation dies, the cellulose oxidizes and
decays (the reverse of equation (2)), releasing the stored
carbon as CO,. The decay of plant material in the epikarst
provides the primary source of carbon that is fed into the
karst system. A fraction of the CO, withdrawn from the
atmosphere by plant growth is transferred to the karst
system and not discharged back to the atmosphere thus
breaking what would otherwise be a closed cycle.

The main part of the dissolutional denudation
of karst takes place where infiltration water from the
epikarst reaches the underlying carbonate bedrock. Here
is where dissolved carbon dioxide extracts additional
carbon from the carbonate rocks and releases the reac-
tion products, mostly the bicarbonate ion, into water

descending through the vadose zone. If the pathways
through the vadose zone consist mostly of joints and
fractures, there will be little gain or loss of CO, as the
water descends to the water table although it is possible
that organic matter, carried downward through open
fractures, provides a CO, source at depth (Wood, 1985).
If the descending vadose water happens to intersect an
open cave passage in which the CO, pressure is less than
that of the vadose water, CO, will be degassed resulting
in the re-precipitation of dissolved calcite. Half of the
transported carbon will be re-sequestered as speleothem
calcite but the other half will be released into the cave at-
mosphere. CO, in the cave atmosphere can be dissolved
in cave stream waters if these waters are not already satu-
rated or may be removed to the surface atmosphere by
diffusion or by circulating air currents.

CO, is also carried into karst aquifers by sink-
ing surface streams. Concentrations of CO, depend on
the source of the water in the sinking surface stream -
whether the catchments are made up of forest, grassland,
agricultural land, or urban areas, and also what fraction
of the stream flow is contributed by ground water and
what fracture by overland runoff.

Spring discharges are not the end of the story for
carbon transport. Some coastal karst springs discharge
directly into the ocean, some are located on the banks
of major rivers, but most karst springs feed into small
tributaries (spring runs) that flow as surface streams for
considerable distances before linking to the main paths
of the surface drainage system. The spring run must be
considered part of the karst system because the water of-
ten undergoes chemical changes downstream from the
spring. If the spring water, even if undersaturated, has a
calculated CO, partial pressure higher than that of the
atmosphere, CO, will be degassed, the pH and saturation
index will rise, and some of the dissolved CO, will be
returned to the atmosphere. If the saturation index be-
comes positive, calcium carbonate may be deposited as
tufa, returning still more CO, to the atmosphere.

The conceptual model presented in Fig. 1 ends
where the spring run leaves the carbonate basin. There
are more sources and sinks for carbon along the route
through the surface river system to the ocean. In the
ocean, the dissolved carbonates can be precipitated by
marine organisms, again releasing CO, that contributes
to ocean acidification. Although necessary for global-
scale models, downstream processes are not considered
further in this paper.
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CALCULATION OF CARBON LOADING AND FLUXES

The carbonate geochemistry needed for these calcula-
tions is discussed in detail in White (1988), Langmuir
(1997), or Drever (1997).

The total inorganic carbon in solution is simply the
sum of all dissolved carbon species.

[Carbon] = [CO,(aq)] + [H,CO,] + [HCO;] + [COT] 3)

where the quantities in brackets are molar concen-
trations. The first two terms are taken together as H,CO,.
The concentration of the carbonate ion in the pH range
of karst waters is usually negligible.

The combined aqueous CO, and neutral carbonic
acid can be calculated from alkalinity and pH

[HCOS Iy, ., 107"

[HZCO3] = K, (4)

The bicarbonate ion concentration, [HCO;] in
molar units, and the pH were extracted from the avail-
able data bases. The ionization constant, K , of carbonic
acid is dependent on temperature; a temperature-fitting
function provided by Langmuir (1997) was used in all
calculations. In addition, the calculation requires the
activity coeflicient, y, which can be calculated from the
ionic strength using the Debye-Hiickel relationship if an
estimate can be obtained of the ionic strength

Tonic strength can be easily calculated from the spe-
cific conductance, a parameter that is frequently mea-
sured as a proxy for hardness and total dissolved solids
(e.g. Krawczyk & Ford 2006). A new estimate for the
relationship was obtained from a data base (Jacobson,
1973) containing analyses from 60 karst springs, lime-
stone wells, and dolomite wells in the Ordovician car-
bonate rocks in central Pennsylvania, USA. Measured
ion concentrations and specific conductance allowed the
calculation of a linear regression (Eqn. 5) that fit all of
the data to an R? 0f 0.99.

[=1.697 x 107 Spc -14.7 x 107° (5)

Ionic strength is in moles/L; Spc is in pS/cm. The
data points derived from springs, limestone wells, and
dolomite wells all had about the same small scatter
around the same linear fitting line showing that the re-
lationship is independent of the Ca/Mg ratio and satura-
tion state of the waters.

Substituting (3) into (4) and neglecting CO* , we
obtain the total concentration of dissolved carbon in
molar units.

[HCO; ]y, 107"
K,

[Carbon] = [HCO;] {1+ (6)

Multiplying [Carbon] by 12.011, the atomic weight
of carbon, gives the carbon loading in units of g/L (or
kg/m?).

The total carbon flux, F_, in units of kg/day, is then
given by

[HCO;]yHCO; 10PH

F.=17.012Cyc, {1+

(7)

K,

where Q is the spring discharge is m3/sec and the
bicarbonate ion concentration, C, ., is in units of mg/L,
the value that is typically reported. The numerical coethi-
cient contains atomic and molecular weights and neces-
sary unit conversions (12.011 x 86,400)/(1000 x 61.016).

It may be noted that the calculated carbon con-
centrations and fluxes do not depend on the degree of
saturation with respect to calcite or dolomite. It is thus
possible to meaningfully compare seepage and drip wa-
ters that are often saturated with carbonates with spring
and cave stream waters which are frequently undersatu-
rated.

CARBON FLUXES WITHIN KARST AQUIFERS

CARBON IN THE EPIKARST
As a source, the epikarst is remarkably complicated.
CO, is produced by exhalation through plant roots, by
decaying organic material, and other microbial proc-
esses. The rate of CO, production depends of soil char-
acteristics, on the vegetative cover, and is sensitive to
both moisture conditions and temperature. Only a por-
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tion of the generated CO, is swept into the subsurface
by infiltrating precipitation; much is lost by upward
diffusion back into the atmosphere. The many com-
plications of soil CO, are discussed in some detail by
Jakucs (1977). There have been several efforts to model
CO, production on both global scale (Brook et al. 1983;
Gunn 1984) and site-specific scales with coupled rate
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equations (Simfinek & Suarez 1993; Suarez & Simtinek
1993).

The seasonal variability of soil CO, is illustrated
with the comprehensive data of De Jong and Schappert
(1972) (Fig. 2). Their data were collected in a non-karstic
prairie soil in Canada. Several features stand out. CO,
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Fig. 2: Seasonal variation in CO, concentration in a prairie soil
measured at the designated depths. Days are counted from Janu-
ary 1. Raw data taken from de Jong and Schappert (1972).

concentrations range up to more than one percent dur-
ing the growing season but fall to only a few times at-
mospheric background as the growing season fades into
winter. The CO, concentration decreases with depth and
the seasonal oscillation decreases and shifts to later in
the year. At 90 cm depth, the seasonal variation has es-
sentially disappeared. A similar range was observed in a
forest soil in the sub-tropical climate of Pigeon Moun-
tain, Georgia (Kiefer 1990) where low CO, concentra-
tions in the non-growing season were also observed
(Dyer & Brook 1991). Data collected from a wide variety
of locations gave similar results (Miotke 1974). Tropical
soils tend to contain higher CO, concentrations, 5 vol-
ume percent or higher in some locations measured in
Malaysia (Crowther, 1984).

The many measurements of soil CO, concentration
represent the steady-state result of three competing pro-
cesses: (1) the rate of production of CO, by a variety of
processes, Pr, (2) the rate at which CO, is dissolved in
infiltration water and carried down to the reaction zone
at the bedrock contact, F,, and (3) the rate at which CO,
diffuses upward to be lost to the atmosphere, F .

Soil CO, = % a4 dff —b% ®)

The coefficients a and b describe the relative pro-
portions of CO, lost by the two routes, parameters that
are generally not known. They would describe the frac-

tion of CO, available for dissolution of limestone and
thus potentially sequestered. The flux, F, represents
carbon returned to the growing plant/dead plant/decay
closed cycle.

SINKING STREAM INPUTS

Sinking streams contain both surface runoff and ground
water discharging from the stream banks. If the CO, flux
from groundwater discharging along the bank is high,
the flowing free surface stream may degas CO, before the
stream reaches its swallet. Sinking streams usually input
their water and dissolved CO, load directly into the con-
duit system where it moves rapidly through the subsur-
face to a spring

Relatively few analyses of sinking stream waters are
available. Data from three such streams are presented in
Fig. 3. The Logan Gap stream, in central Pennsylvania,
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Fig. 3: Dissolved carbon loading for three sinking streams. All
measurements made near the stream swallets. Logan Gap: 1961-
1962; Little Sinking Creek: 1972-1973 (Hess 1974); Rio Camuy:
1980-1984 (Troester 1994). Data are arranged by Julian day al-
though not all data were collected in the same year.

flows across Silurian sandstones and shales, then sinks
into a swallet at the contact with Ordovician carbon-
ates. Little Sinking Creek rises on the carbonate-rich
Salem and Warsaw formations on the southern edge of
the Sinkhole Plain in the Central Kentucky Karst and
flows on carbonates for some distance before sinking
into the lower St. Louis Limestone. Rio Camuy rises on
the Tertiary volcanics that make up the core of the Island
of Puerto Rico. The river sinks into Tertiary carbonates
where it flows through the Rio Camuy Cave System to a
resurgence cave and then as a surface river to the coast.
The carbon loading in sinking streams is very
strongly dependent on the details of the specific catch-
ment. Mountain streams from sandstone and shale carry
only a few mg/L of carbon. Even a tropical basin carries
little carbon from a catchment located on volcanic rocks.
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The carbon loading of both non-carbonate rock streams
is essentially constant with respect to season, tempera-
ture, and discharge. The dissolved carbon in Little Sink-
ing Creek, a partly carbonate stream, exhibits a seasonal
cycle with a minimum in late March and a maximum in
early September.

CARBON RELEASE BY SPELEOTHEM
DEPOSITION

The CO, partial pressures in air-filled caves in the vadose
zone are typically ten or more times higher than the at-
mospheric CO, partial pressure and vary widely between
caves and between locations within the same cave (Ek
& Gewalt 1985; Kempe et al. 1998). There is a seasonal
variation in the CO, concentration in cave atmospheres
that reflects the seasonal cycle in CO, production in the
epikarst (Troester & White 1984). The vadose seepage
waters percolating downward from the epikarst typi-
cally have CO, partial pressures that are higher than cave
atmospheres. As a result, vadose seepage waters de-gas
CO, into the cave atmosphere with concurrent deposi-
tion of calcite (or aragonite) onto growing speleothems.
The fraction of the CO, in the cave air that makes its way
back to the surface atmosphere represents one of the
leaks in the karst system. The observed CO, concentra-
tions represent a balance between the rate of CO, degas-
sing from seepage waters and the rate of CO, loss by air
exchange with the surface.

Because of the application of speleothems as paleo-
climate archives, there is much contemporary interest in
dripwater. Measurements are difficult because the chem-
istry, particularly the CO, content, changes rapidly by de-
gassing when the drips emerge into the cave atmosphere.
In a classic paper, Holland et al. (1964) measured the
water chemistry of 47 drip points and drip pools in Lu-
ray Caverns, Page County, Virginia. A selection of these
measurements that were sufficiently complete for calcu-
lation gave dissolved carbon loadings in the range of 70
to 140 mg/L. Dripwater chemistry from Cave Without A

Name, Kendall County, Texas (Veni 1997) (Fig. 4) pro-
duced a cool season carbon loading only slightly greater
than that of the sinking streams, There was a warm sea-
son maximum in this relatively arid region that reached
to the lower end of the range measured in Luray Caverns,
in an area with higher rainfall and thicker soils.
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Fig. 4: Dissolved carbon loading in dripwater from Cave Without
a Name, Kendall County, Texas. Segments of two Julian years are
included. Original data drawn from Veni (1997).

Two factors indicate that speleothem precipitation
is not a major loss term in the carbon flux. (1) Although
the seepage waters carry a high carbon loading, only a
fraction of the load is deposited as speleothem calcite.
(2) Air-filled conduits intercept only a small fraction
of the water and dissolved carbon descending from the
epikarst. Worthington et al. (2000) have estimated that
conduits underlie only on the order of one percent of
karstic aquifers. Although the conduit systems act as
master drains for the aquifer relatively little of the infil-
tration water from the epikarst passes through an open
conduit.

CARBON FLUXES IN KARST SPRINGS

SEASONAL CYCLES
Rarely does an investigation of karst springs provide
chemical analyses of the water matched with quantita-
tive measurement of discharge. An exceptionally good
data set was collected from Tippery Cave, Huntingdon
County, Pennsylvania (Hull 1980) that provides 69 one-
week intervals with carefully measured discharge (Fig. 5).
Tippery Spring is fed by a conduit system resulting in a
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hydrograph with many individual storm peaks. The hy-
drograph peak at week 47 (February 17, 1976) reached
a discharge of 1088 L/sec. In contrast, the carbon load-
ing was only weakly dependent on discharge. The intense
peak at week 47 produced only a dilution effect of about
50% of the carbon loading. The carbon loading shows
a broad seasonal maximum at about week 22 (late Au-
gust).
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Fig. 5: Hydrograph and carbon loading for Tippery Spring, Hunt-
ingdon County, Pennsylvania. Week 1 begins April 1, 1975. Note
that the hydrograph peak on week 47 is for a severe storm with a
discharge of 1088 L/sec. Original data drawn from Hull (1980).
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Fig. 6: Carbon loadings in three large karst springs. Data for
Penn’s Cave Rise from Shuster (1970). Data for Graham Spring
from Hess (1974). Data for the Rise of the Rio Camuy from
Troester (1994).

The seasonal effect in the carbon loading is dem-
onstrated with data on three karst springs (Fig. 6). The
Penn’s Cave rise is the discharge point for a large car-
bonate basin that includes both infiltration and sinkhole
inputs in a karst valley and a component of sandstone
mountain runoff from streams that sink along the valley
margins. There is a broad maximum that peaks at about
Julian day 250 (early September). A much more promi-
nent seasonal maximum occurs in the carbon loading of
Graham Spring. Graham Spring, near Bowling Green,
Kentucky, drains a large area of the Sinkhole Plain south
of Mammoth Cave. There is some sinking stream input
but most of the water originates from infiltration and
sinkhole drains in the karst. The maximum is shifted
slightly to late September compared with the Pennsylva-
nia data. In contrast, the carbon loading in the rise of the

Rio Camuy in Puerto Rico has no significant seasonal
dependence. Rather than corresponding to the maxima
in the temperate climate karst data, the Rio Camuy data
are very similar to the loadings measured for the other
springs during the winter season.

STORM FLOWS

Storm water moves though the conduit system of karst
aquifers as a pulse of fresh surface water. Storm effects
on aquifer chemistry are varied. Storm pulses dilute the
dissolved carbonates resulting in a dip in hardness dur-
ing storm events. In contrast, storm pulses may flush soil
contaminants resulting spikes of nitrate or agricultural
chemicals during storm events. There appears to be only
a small response of the carbon flux to storm pulses in
the data collected at Tippery Spring. The intense storm
shown on Fig. 5 where the discharge rose to about 50
times the base flow value resulted in only about a factor
of two decrease in the carbon loading.

Rock Spring, Centre County, Pennsylvania hap-
pened to be gauged and was being sampled on a regu-
lar basis when the Hurricane Agnes storm swept across
Pennsylania in June, 1972 (Jacobson, 1973). Rock Spring
is fed by a strike-oriented conduit with a large recharge
from mountain runoff. The Agnes storm produced a
very flashy hydrograph (Fig. 7-A). The carbon loading,
however, dipped only slightly as the storm pulse passed
(Fig. 7-B). The carbon flux, therefore, is dominated by
the storm hydrograph and also exhibits a large peak co-
incident with the hydrograph peak (Fig. 7-B).

SPRING RUNS, CO, DEGASSING, AND TUFA
DEPOSITION

Karst spring water is usually undersaturated when it is
drains from a conduit system and may be close to satura-
tion when it drains from a fracture aquifer. In most spring
waters, the carbon dioxide pressure is well above the at-
mospheric background. As the water from the spring
flows down the spring run, carbon dioxide is degassed,
the pH of the water rises as does the saturation index. An
example (Shuster 1970) (Fig. 8), measured on Elk Creek
which rises from a large conduit-fed spring, shows that
pH rises in an S-shaped curve reaching a steady state
value about 800 m below the spring mouth. Ca** and bi-
carbonate ion concentrations remain constant implying
that dissolved CO, is lost but no carbonate has precipitat-
ed. The saturation index also rises on an S-shaped curve
reaching a steady state value of about +0.3, less than the
+0.5 supersaturation typically needed to nucleate calcite
precipitation.

The concentration of dissolved carbon at the spring
mouth was calculated to be 25.9 mg/L which decreased
to 24.2 mg/L downstream. For this specific example,
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Fig. 7: (A) Hydrograph for Rock Spring, Centre County, Pennsylvania during the Hurricane Agnes storm in June, 1972. Elapsed days
are measured from June 1. (B) Carbon loading and carbon flux from Rock Spring during Hurricane Agnes. Original data drawn from
Jacobson (1973).

6-7 % of the dissolved carbon was lost to the atmosphere
by CO,-degassing.

Many karst streams, particularly those in tropical
regions, precipitate excess carbonate as tufa deposits
(Ford & Pedley 1996). This reverses the carbonate disso-
lution chemistry and releases CO, into the atmosphere.
Tufa deposition is an additional loss term in the overall
carbon balance. CO, degassing from spring runs raises
the pH and the saturation index. If the CO, pressure in
the stream water reaches the atmospheric value before
the saturation index reaches the critical value for car-
bonate precipitation, the reaction will stop, the steady-
state condition illustrated in Fig. 8. However, if the CO,
partial pressures and dissolved carbonate concentra-
tions are high, as is typical of tropical karst, the satu-
ration index will reach the critical value before all ex-

10.3
10.2 cess CO, is degasses and carbonates will be precipitated
g 1o (White 1997).
+ 100
9.9¢
2.8 —_——
1 1 1 1 1 1 |
9 400 800 1200 566 70050 Fig. 8: Changes is pH and carbonate species along the spring run
DISTANCE DOWNSTREAM FROM SPRING IN METERS of Elk Creek Rise in Centre County, Pennsylvania. From Shuster
(1970).
CONCLUSIONS

It has been suggested that the reaction of carbon dioxide =~ amines some of the details in the flux of carbon through
with carbonate rocks in karst aquifers is a potential sink  karst aquifers. The flux of carbon leaving a karst drainage
for atmospheric CO, and should be considered by those  basin can be described in mass balance terms:

who are constructing global carbon cycles. This paper ex-
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Qf

FLUXExit = 1/Z[CEpk + CAtm] Qi t Css st - CSpm i “Con 9)

- CRun QSpr - CTuf QSpr

The C terms are carbon loadings in units of mass/
unit volume with subscripts Epk = epikarst, Atm = at-
mospheric, Spm = speleothem, SS = sinking stream, Run
= spring run, Tuf = tufa. The Q terms are water flows in
units of volume/unit time. Q, = overall infiltration re-
charge into the karst aquifer; Q is total recharge from
sinking streams; Qg is the discharge from the springs
draining the karst aquifer. . is the fraction of the to-
tal karst area underlain by air-filled conduits. The carbon
loading terms can usually be estimated from available
geochemical data. Data for the Q-terms are sparse.

Carbon loadings vary with season in temperate
karst but show little variation in tropical karst. They are

strongly dependent on the details of the specific karst
drainage basin but are only weakly dependent on dis-
charge. Storm flows dilute the carbon loadings but usu-
ally by a factor of two or less. Carbon fluxes essentially
scale with discharge.

Speleothem precipitation is a loss term but a small
one because of the small fraction of the aquifer that is
actually underlain by air-filled conduits. Degassing from
spring runs represents a loss of 5 - 10 percent of the car-
bon load with an additional loss if the spring run pre-
cipitates tufa deposits.

Overall, it appears that although karst systems are
leaky in the sense that a fraction of the extracted CO, is
returned to the atmosphere, they do represent a carbon
sink that should be considered in global models.
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