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Abstract One of the most important questions in the

science of global change is how to balance the atmospheric

CO2 budget. There is a large terrestrial missing carbon sink

amounting to about one billion tonnes of carbon per

annum. The locations, magnitudes, variations, and mech-

anisms responsible for this terrestrial missing carbon sink

are uncertain and the focus of much continuing debate.

Although the positive feedback between global change and

silicate chemical weathering is used in geochemical models

of atmospheric CO2, this feedback is believed to operate

over a long timescale and is therefore generally left out of

the current discussion of human impact upon the carbon

budget. Here, we show, by synthesizing recent findings in

rock weathering research and studies into biological carbon

pump effects in surface aquatic ecosystems, that the carbon

sink produced by carbonate weathering based on the H2O–

carbonate–CO2–aquatic phototroph interaction on land not

only totals half a billion tonnes per annum, but also dis-

plays a significant increasing trend under the influence of

global warming and land use change; thus, it needs to be

included in the global carbon budget.

Keywords Carbon sink � H2O–carbonate–CO2–

aquatic phototroph interaction � Carbonate

weathering � Biological carbon pump � Land aquatic

ecosystem � Global change

1 Introduction

One of the most important questions in the science of

global change is how to balance the atmospheric CO2

budget [1–4]. According to Melnikov and O’Neill [3], there

is a large terrestrial missing carbon sink as follows:

The (terrestrial) missing carbon sink = sources (emissions

from fossil fuels ? net emissions from changes in land use)

- sinks (oceanic uptake ? atmospheric increase), i.e.,

2.8 = 7.9 (6.3 ? 1.6) - 5.1 (1.9 ? 3.2) (all values in Pg C/a,

1 Pg = 1015 g).

The locations, magnitudes, variations, and mechanisms

responsible for the terrestrial missing carbon sink, how-

ever, are uncertain and continue to be debated. The pre-

vailing dogma has focused on carbon sinks in soil and

vegetation [5–8]. The preferred explanation for the missing

carbon sink is the effect of CO2 and/or nitrogen fertiliza-

tion [5–7]. For example, Kheshgi et al. [7] found that

*25 % of CO2 emissions are sequestered by the terrestrial

biosphere. Therefore, there is still a *0.8 Pg C/a missing

sink (or net terrestrial flux) to be determined.

Although the positive feedback between global change

and the silicate chemical weathering of rocks is used in

geochemical models of atmospheric CO2 [9], this effect is

believed to operate over a long timescale and therefore is

generally left out of the current discussion of human impact

upon the carbon budget [10]. For example, current global

carbon budgets assume that pre- and post-anthropogenic

riverine carbon fluxes are equal [11].
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Here, we show, by synthesizing recent findings in rock

weathering research and studies into biological carbon

pump effects in surface aquatic ecosystems, that the carbon

sink produced by carbonate weathering based on the H2O–

carbonate–CO2–aquatic phototroph interaction on land not

only totals one half billion tonnes per year [12], but also

displays a significant increasing trend under the dual

influence of global warming and land use change [12–15],

comparable with those in the world’s forests [8]. Therefore,

the atmospheric CO2 sink produced by the H2O–carbon-

ate–CO2–aquatic phototroph interaction on land needs to

be included in the global carbon budget due to both its

large quantity and its changing characteristics.

2 Significance of weathering of trace carbonates

in silicate rock watersheds

Although primarily known in carbonate rocks, carbonate

(mainly CaCO3) is also commonly associated with silicate

rocks, such as shales, calcareous sandstones, metamor-

phosed gneisses and schists, hydrothermally altered gra-

nitic rocks [16], and pristine granitoids, which probably

form CO2-rich fluids associated with the final cooling of

batholiths as well as during later periods of hydrothermal

activity [17, 18]. Therefore, the CO2 consumed in silicate

rock terrains does not necessarily result primarily from

silicate weathering: It may be chiefly due to the contribu-

tion of rapid calcite dissolution in the silicate rocks [16–

18]. For instance, Blum et al. [16] investigated the major

element and strontium (Sr) isotope geochemistry of bed-

rocks, surface waters, and river sands in the Raikhot

watershed within the High Himalayan Crystalline Series

(HHCS) of northern Pakistan. Mass balance calculations of

mineral-weathering contributions to the flux of dissolved

ions from the watershed showed that 82 % of the HCO3
-

flux is derived from the weathering of carbonate minerals

and only 18 % from silicate weathering, even if the bed-

rock in the watershed is predominantly silicate rocks

(quartzofeldspathic gneiss and granite) with only *1 %

carbonate. This indicated the significance of small amounts

of bedrock carbonate in controlling the water chemistry of

silicate rock watersheds. It also suggests that the flux of Sr

with high 87Sr/86Sr ratios in major Himalayan rivers may

be derived mainly from the weathering of small amounts of

calcite within the HHCS silicates. Therefore, models using

the flux of radiogenic Sr from the Himalaya as a proxy for

silicate weathering rates may overestimate the amount of

CO2 consumption attributable to reactions with silicates

there. Similar results were obtained by Jacobson et al. [19,

20], who showed that the conventional application of two-

component Ca/Sr and 87Sr/86Sr mixing equations overes-

timated silicate-derived Sr2? and HCO3
- fluxes from the

Himalaya. They found that carbonate dissolution provided

more than 90 % of the weathering-derived HCO3
-, Ca2?

and Sr for at least 55 ka following initial exposure of rock

surfaces, although carbonate may represent only

*1.0 wt% in fresh glacial till; this significantly increases

the ratios of HCO3
-/Na? and Ca2?/Na? in the so-called

silicate end-member reservoir. Jacobson et al. [20] also

found the following: (1) Carbonate bedrock in the Hima-

laya has a wide range of ratios of Ca/Sr and 87Sr/86Sr that

cannot be adequately defined by a single end-member in

conventional mass balance equations; and (2) Ca2?

behaves non-conservatively during transport in Himalayan

stream waters. The removal of up to 70 % of the dissolved

Ca2? by calcite precipitation appears to be a pervasive

process in the Himalaya that drives dissolved Ca/Sr ratios

toward values much lower than those measured in car-

bonate bedrock. Therefore, they concluded that, without

taking these factors into account, stream water Ca/Sr and
87Sr/86Sr ratios, and hence HCO3

-, can be erroneously

interpreted as representing the dominance of silicate dis-

solution. We think similar problems could arise with the

inversion method if ratios of HCO3/Na and Ca/Na are used.

This may explain why Gaillardet et al. [21] obtained such

high estimates of CO2 consumption from silicate weath-

ering despite the fact that its weathering rates are 102–108

times lower than those of carbonates [22, 23]. They cal-

culated CO2 consumption vis-à-vis silicate weathering by

measuring the bulk chemistry of large rivers and underes-

timated the carbonate weathering contributions that occur

in predominantly silicate areas.

In a more recent study, Moore et al. [24] tracked the

relation between mountain uplift, silicate weathering, and

long-term CO2 consumption by the use of Ca isotopes in the

Southern Alps, New Zealand. Although rocks in the sampled

watershed contain only *3 % hydrothermal and metamor-

phic calcite, these authors found that riverine Ca largely

originates from carbonate weathering and that the fraction of

Ca from carbonate weathering increases with increasing tec-

tonic activity, from *50 %–60 % in regions experiencing the

lowest uplift rates to as high as [90 % in regions experi-

encing the highest uplift rates. Therefore, they concluded that

silicate weathering in the Himalayan–Tibetan Plateau is also

not a major sink for atmospheric CO2.

It should be noted that present results are mainly from

the uplifted silicate areas, which are conventionally

thought to have stimulated CO2 consumption by silicate

weathering. Research results from other areas are needed in

future.

To summarize, the contribution of carbonate weathering

to the atmospheric CO2 sink may have been greatly

underestimated in these previous studies [21, 25, 26] due to

ignorance of the important role played by trace calcite in

silicate rock areas.
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3 Photosynthetic uptake of DIC by aquatic phototrophs

(the biological carbon pump effect)

DIC (dissolved inorganic carbon, DIC=CO2(aq) ?

HCO3
- ? CO3

2-) in surface waters is consumed by

aquatic photosynthesis on the continents and in the ocean

[27–30]. Some of it, of course, will return to the atmo-

sphere due to the CO2 pressure difference between water

and the atmosphere. Aquatic ecosystems, such as rivers,

lakes, wetlands, and the oceans, play an important role in

the carbon cycle by means of the so-called biological pump

[31]. Aquatic phototrophs occupy the well-mixed surface

layers of a given river, lake, wetlands, or ocean and grow

by photosynthesis at a rate which varies according to the

nutritional state of the water. Dead biota and feces fall down

through the water column, thus removing carbon from the

surface layers, hence reducing the partial pressure of CO2

there. This reduction enables the uptake of new DIC from

the surface waters and/or of new CO2 from the atmosphere.

Our argument that the H2O–carbonate–CO2–aquatic

phototroph interaction serves as an important atmospheric

CO2 sink that depends on the carbonate dissolution, and the

uptake rate of DIC (CO2 and/or HCO3
-) by aquatic

phototrophs differs from the generally accepted view that

the consumption of atmospheric CO2 resulting from car-

bonate weathering on the continents is balanced over a

relatively short timescale by carbonate precipitation in the

oceans and that all of the CO2 involved is released back to

the ocean–atmosphere system [10]. This latter contention is

at least partly problematic because it does not consider the

large uptake of DIC by the photosynthesis that produces

organic carbon in the aquatic systems of both oceans and

continents. For instance, Ternon et al. [32] found that the

fertilization of oceanic waters by the Amazon River around

its outflow enhances the biological pumping effect of CO2,

contributing up to 30 % of the measured lowering of pCO2

there, and so, increasing the atmospheric CO2 sink in the

Atlantic Ocean. Einsele et al. [33] investigated atmospheric

carbon burial in modern lake basins and its significance for

the global carbon budget. They found that, although the

area of lake basins is only about 0.8 % of the ocean surface

(or 2 % of the land surface), a surprisingly large amount of

atmospheric carbon is buried in them, amounting to

0.07 Pg C/a, or more than one-fourth of the annual atmo-

spheric carbon burial in the modern oceans. This burial is

accomplished mainly by the rapid accumulation of lacus-

trine sediments and a very high preservation factor which

is, on average, 50 times higher than that observed in the

oceans. Lerman and Mackenzie [34] found that the primary

production and net storage of organic carbon counteract the

CO2 released by carbonate precipitation, leading to lower

CO2 emissions from the surface layer through the reaction:

Ca2? ? 2HCO3
- ) CaCO3 ? CH2O ? O2. Wang et al.

[35] found that the flux of CO2 into the atmosphere from

the Changjiang (Yangtze River) has decreased dramatically

(*75 %) during the past four decades (*1960–2000) due

to a marked increase in nutrient (e.g., NO3
-) concentra-

tions. This may show the importance of CO2 uptake by

phototrophs in river systems due to the importance of

elemental fertilization for phototroph growth. Yang et al.

[36] investigated the carbon source/sink of a subtropical,

eutrophic lake by investigating the overall mass balance

expressed as a balance between gas exchange and carbon

burial. They found that the ratio of carbon emission into the

atmosphere to carbon burial in the sediment was only 0.08,

indicating that this lake is an effective carbon sink.

All of these findings show the significance of photo-

synthetic uptake of DIC by aquatic phototrophs (the bio-

logical carbon pump effect) in stabilizing the carbon sink

produced by carbonate weathering through the transfor-

mation from DIC to organic carbon.

However, most researches were done in the un-con-

taminant rivers or streams. For the situation in the con-

taminant rivers or streams (such as dark water, in which

low light will limit the amount of photosynthesis), more

work has to be done in future.

4 Net carbon sink produced by H2O–carbonate–CO2–

aquatic phototroph interaction on land

In a recent attempt to balance the atmospheric CO2 budget,

Liu et al. [12] considered the combined effects of carbonate

dissolution, the global water cycle, and the photosynthetic

uptake of DIC by aquatic phototrophs. They found that the

net atmospheric CO2 sink produced by the H2O–carbonate–

CO2–aquatic phototroph interaction on the land (for the

expression of carbonate weathering based on H2O–carbon-

ate–CO2–aquatic phototroph interaction, see the new con-

ceptual model in Fig. 1) could be as large as 0.477 Pg C/a

(CFR1 ? CFR2 ? CFS-AL in Fig. 2), which accounts for

about 17 % of the terrestrial missing carbon sink and is

comparable with the carbon sink in the world’s forests [8].

This is much larger (by a factor of about three) than the

estimate of 0.148 Pg C/a obtained by Gaillardet et al. [21],

who underestimated the carbonate weathering sink in sili-

cate areas and did not consider the photosynthetic uptake of

DIC by land aquatic phototrophs or the burial of part of the

resulting organic matter on the continents (CFR2 ? CFS-

AL = 0.233 Pg C/a, Fig. 2). This latter value of 0.233 Pg

C/a has been confirmed by the independent work of others

[37, 38]. For instance, Waterson and Canuel [37] have

shown that the contribution of autochthonous organic carbon

(AOC) derived from DIC transformed by aquatic photo-

synthesis in the Mississippi River system (the largest river

system in North America) can constitute 20 %–57 % of the
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total organic carbon (TOC). If the lower value, 20 %, is

multiplied by the sedimentary deposition of organic carbon

in inland waters (0.6 Pg C/a) plus riverine TOC discharge to

oceans (0.5 Pg C/a) [38], a similar value of 0.22 Pg C/a

AOC is obtained. Therefore, the atmospheric CO2 sink due

to carbonate weathering based on the H2O–carbonate–CO2–

aquatic phototroph interaction on land has previously been

greatly underestimated. If the result put forward by Jacobson

et al. [19] (i.e., about 10 % of HCO3
- originates from sili-

cate weathering) is applied to the case of Gaillardet et al.

[21], then the atmospheric CO2 sink produced by silicate

weathering is diminished from 0.14 Pg C/a to about

0.014 Pg C/a and, correspondingly, the atmospheric CO2

sink due to carbonate weathering is bound to increase from

0.148 to 0.211 Pg C/a, i.e., fifteen times greater than the

silicate weathering sink [39]. In other words, carbonate

reactions contribute about 94 % of the atmospheric CO2

sink that is due to rock weathering, while only 6 % results

from silicate weathering [39]. The similarity of calcium

isotope ratios in the world’s largest rivers and in marine

limestones [40] provides further support for the dominance

of carbonate weathering in CO2 consumption in the world’s

watersheds.

5 Increase in the carbon sink under the dual influence

of global warming and land use change

A substantial amount of the atmospheric carbon taken up

on land through photosynthesis and chemical weathering is

transported laterally along the aquatic continuum from

upland terrestrial ecosystems to the ocean [38, 41, 42].

Thus far, global carbon budget estimates have implicitly

assumed that the transformation and lateral transport of

carbon along this aquatic continuum has remained

unchanged since pre-industrial times [11]. However, a

synthesis of published work reveals the magnitude of

present-day lateral carbon fluxes from land to ocean and

the extent to which human activities have altered these

fluxes. For instance, Battin et al. [38] showed that anthro-

pogenic perturbation (e.g., land use and land cover chan-

ges) may have increased the flux of carbon to inland waters

by as much as 1.0 Pg C/a since pre-industrial times, mainly

owing to an enhanced carbon export from soils. Most of

this additional carbon input into upstream rivers is either

emitted back into the atmosphere as carbon dioxide

(*0.4 Pg C/a) or sequestered in sediments (*0.5 Pg C/a)

along the continuum of freshwaters, estuaries, and coastal

Fig. 1 Conceptual model of the carbon cycle produced by carbonate weathering (karst processes) based on H2O–carbonate–CO2–aquatic

phototroph interaction (drawing in reference to Lerman and Mackenzie [34] and Liu et al. [12]). Notes: 1. CSF (net carbon sink flux produced by

H2O–carbonate–CO2–aquatic phototroph interaction) = 0.5 9 Q 9 ([DIC2] ? [AOC])/A ? FSAOC where the ratio 0.5 indicates that only one

half of the HCO3
- generated by carbonate dissolution is of atmospheric origin; Q is the discharge from the surface water system; [DIC2] is the

concentration of dissolved inorganic carbon in the surface water system; and [AOC] is the concentration of total organic carbon in the surface

water system transformed from DIC1 (dissolved inorganic carbon in the groundwater system) by submerged aquatic phototrophs via

photosynthesis in the surface water system. FSAOC is the sedimentary flux of autochthonous organic carbon (OC) in the surface water system over

the catchment area (A). 2. Unlike the conventional carbonate weathering carbon cycle model [9, 10, 25], which considers H2O–carbonate–CO2

interaction and ignores organic matter formation produced by the aquatic photosynthetic uptake of DIC, this new conceptual model helps to

answer important questions such as whether carbonate weathering could be contributing to the long-term carbon sink (e.g., through

sedimentation, burial of autochthonous organic matter, FSAOC), and thus, to a proportionate degree, controlling long-term climate change
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waters downstream, leaving only a perturbation carbon

input of *0.1 Pg C/a to the open ocean. Thus, they sug-

gest that carbon fluxes along the land–ocean aquatic con-

tinuum need to be included in global carbon dioxide

budgets.

Such overall assessments [38, 41, 42], however, do not

show detailed mechanisms determining the changes. In

contrast, Macpherson et al. [15] investigated an increasing

trend in shallow groundwater CO2 and limestone weath-

ering at Konza Prairie, Kansas, USA, a mid-continental

North American undisturbed grassland. This site is

restricted to use for ecological research to avoid the com-

plexities of changing land use and water management that

are problematic for large river chemistry research in

developed countries. The authors found that groundwater

CO2 increased by 20 % between 1991 and 2005, and that

the long-term increase in shallow groundwater CO2 was

greater than the 7 % increase in atmospheric CO2 recorded

over the same time period, due to increased soil CO2 from

the microbial breakdown of vegetation and/or root respi-

ration. The latter two factors may be synergetically

enhanced in relation to increasing atmospheric CO2 [43–

46] and/or increasing atmospheric temperatures [46].

Therefore, Macpherson et al. [15] propose that

groundwater is a CO2 sink by way of the weathering of

limestone; soil-generated CO2 is transformed to alkalinity

through the dissolution of calcite or dolomite. For the

surface water system detailed in Fig. 1, Raymond and Cole

[13] show an increase of *60 % in the export of carbonate

alkalinity (HCO3
- ? CO3

2-) from North America’s largest

river, the Mississippi, during the past half-century. This

increase is in part the result of increased flow resulting

from higher rainfall in the Mississippi Basin. Subcatchment

data from the Mississippi suggest that the increase in the

export of alkalinity is also linked to amount and type of

land cover. In a later paper, Raymond et al. [14] further

demonstrated that land use change and management have

arguably been more important than changes in climate and

plant CO2 fertilization as factors contributing to the

increases in riverine water and carbon export from this

large region over the past 50 years. These observations

have important implications for the potential management

of carbon sequestration throughout the world.

On the other hand, there are also many records of long-

term increases in organic carbon concentrations in the

world’s rivers, streams, or lakes during recent decades [47–

51]. For instance, Worrall et al. [47] found an approxi-

mately 100 % increase in dissolved organic carbon (DOC)

Fig. 2 Atmospheric carbon sources and sinks (Pg C/a) produced by carbonate weathering based on H2O–carbonate–CO2–aquatic phototroph

interaction (drawing in reference to Liu et al. [12]). CSPL: carbon sink resulting from precipitation on the land; CSPO: carbon sink resulting from

precipitation in the ocean; CCCL: carbonate weathering carbon flux on the land; CSWL: carbon source flux from waters on the land; CFR1: DIC

flux from rivers to the ocean; CFR2: autochthonous organic carbon (AOC) flux from rivers to the ocean; CFS-AL: autochthonous sedimentary

organic carbon (SAOC) flux in surface waters on land (Y to be determined); CFS-O: autochthonous sedimentary organic carbon (SAOC) flux in

the ocean; DIC: dissolved inorganic carbon; AOC: autochthonous organic carbon; SAOC: autochthonous sedimentary organic carbon. Note: The

conventional carbon cycle model of carbonate weathering [9, 10, 25] (or the karst processes-related carbon cycle model) does not consider

organic processes, i.e., x = 1, and all CO2 gas is returned to the atmosphere. Thus, carbonate weathering does not form a net long-term carbon

sink and cannot influence climate change over extended timescales
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concentrations over 30 years in the River Tees in northern

England. All these increases in DOC or TOC were related

to climate change and/or a decrease in acid deposition. As a

result of these findings, questions about the true causes of

the long-term increases in DOC and/or TOC remain open.

The DOC or TOC sources in these rivers or lakes need to

be determined before this problem can be solved. Are they

soil derived (allochthonous) or formed in aquatic ecosys-

tems (autochthonous) [52–54]? If autochthonous, the long-

term increases in organic carbon concentrations in the

world’s rivers, streams, wetlands, or lakes may also be

related to the fertilization of possibly increased DIC [55–

57], i.e., they may be linked to carbonate weathering by

way of the H2O–carbonate–CO2–aquatic phototroph inter-

action [39]:

H2Oþ CaCO3 þ CO2 ! Ca2þ þ 2HCO �
3

������!Photosynthesis
CaCO3 þ x CO2 þ H2Oð Þ
þ 1� xð Þ CH2Oþ O2ð Þ:

Findings by Bianchi et al. [52, 53] suggest that

autochthonous production in the Mississippi River may

be more important as a source of DOC and POC than

previously thought, for example. Increases in nutrient

loading and decreases in the suspended load in the

Mississippi (because of dams), as well as in other large

rivers around the world, have resulted in significant

changes in the sources and overall cycling of riverine

DOC and POC.

6 Implications of the new conceptual model

We have shown that the rapid kinetics of carbonate dis-

solution and the importance of carbonate minerals in con-

trolling the DIC in both silicate and carbonate watersheds,

coupled with aquatic photosynthetic uptake of the weath-

ering-derived DIC and burial of a part of the resulting

organic carbon, suggest that the atmospheric CO2 sink

produced by carbonate weathering based on H2O–carbon-

ate–CO2–aquatic phototroph interaction [12, 39] on land

may have been underestimated in much previous work by a

factor of about three.

Firstly, we must question the origin of carbonates in

oceans and lakes since the first appearance of aquatic

phototrophs about 3.416 billion years ago [58]. Is it mainly

due to the following silicate weathering reaction:

CaSiO3 þ CO2 ) CaCO3 þ SiO2? ð1Þ

Or is it mainly due to the following carbonate weathering

reaction:

H2Oþ CaCO3 þ CO2 ) Ca2þ þ 2HCO �
3

������!Photosynthesis
CaCO3 þ x CO2 þ H2Oð Þ
þ 1� xð Þ CH2Oþ O2ð Þ?

ð2Þ

Because of the much faster kinetics of carbonate weath-

ering, the carbonates in oceans and lakes may originate

mainly from (2), the carbonate-shifted reaction [34, 39,

59], though more work remains to be done to confirm this.

Secondly, we must reassess the atmospheric CO2 sinks

produced by rock weathering since the first appearance of

aquatic phototrophs. It appears that the atmospheric CO2 sink

by way of rock weathering rests chiefly on carbonate disso-

lution and subsequent aquatic photosynthetic uptake of the

resulting DIC [12]. There is a great deal of evidence to show

that biological productivity may be limited by the supply of

DIC from rock weathering. For example, Liu et al. [57] found

that DIC utilization and induced calcium carbonate precipi-

tation by Oocystis solitaria Wittr were much higher (4.6- and

tenfold, respectively) in karst water (with high [DIC], as an

analog of the carbonate aquatic system) than in non-karst

water (with low [DIC], as an analog of the silicate aquatic

system). This clearly shows the greater significance of the

karst water environment in DIC fertilization and its conse-

quent effect upon the growth of Oocystis solitaria Wittr; it is

also significant for the carbonate weathering-related carbon

sink in general. Iglesias-Rodriguez et al. [60] studied phyto-

plankton calcification in a high-CO2 environment. Their lab-

oratory evidence shows that calcification and net primary

production in the coccolithophore species Emiliania huxleyi

are significantly increased by high CO2 partial pressures and

HCO3
-. Their field evidence from the deep ocean is consistent

with these laboratory conclusions, indicating that over the past

220 years, there has been a 40 % increase in average coccolith

mass. The coccolithophores are already responding, and will

probably continue to respond, to rising atmospheric CO2

partial pressures and HCO3
-. Of course, considering inland

waters are generally oversaturated in CO2, aquatic primary

production may be limited by other micronutrients, such as P

[61], N [62], Zn [63], or Fe [64], and this needs to be inves-

tigated further in future studies.

In brief, the rock weathering-related carbon sink will be

greatly underestimated where only DIC concentrations at

river mouths are considered and the transformation of DIC

to autochthonous TOC [29, 39] is neglected. In order to

assess correctly the carbon sink produced by rock weath-

ering, it is necessary to consider the concentrations of both

DIC and autochthonous TOC in rivers.

Thirdly, the presence of a ‘‘biological carbon pump

effect’’ in natural aquatic ecosystems which diverts carbon

produced by the reaction Ca2þ þ 2HCO �
3 ������!Photosynthesis
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CaCO3 þ x CO2 þ H2Oð Þ þ 1� xð Þ CH2Oþ O2ð Þ to the

lithosphere by means of sedimentation and burial of the

organic carbon [33, 59, 65–69] implies that such carbonate

weathering might also be significant in controlling long-

term climate change, due to the substantial production and

burial of AOC, the latter being an important mechanism in

the formation of lacustrine and marine petroleum source

rocks [70, 71]. For example, Jarvis et al. [68] studied black

shale deposition, atmospheric CO2 drawdown, and cooling

during the Cenomanian–Turonian Oceanic Anoxic Event

about 93.95 Ma ago. They found that rising pCO2 and sea

surface temperatures (SST) during the Late Cenomanian

were due to volcanic degassing; pCO2 and SST maxima

occurred at the onset of black shale deposition, followed by

falling pCO2 and cooling due to carbon sequestration by

marine organic productivity and preservation, in addition to

increased silicate weathering. This questions the traditional

point of view [9, 10, 25] that only chemical weathering of

calcium silicate rocks can potentially control long-term

climate change by providing feedback interactions with

atmospheric CO2 drawdown via precipitation of carbonate.

In another recent study, Bowen and Zachos [72] investi-

gated the rapid carbon sequestration at the termination of

the Paleocene–Eocene Thermal Maximum about 56 Ma

ago and found that the rate of recovery is an order of

magnitude more rapid than that expected for carbon

drawdown by silicate weathering alone. Therefore, they

concluded that the accelerated sequestration of organic

carbon could reflect the regrowth of carbon stocks in the

biosphere or shallow lithosphere that were released at the

onset of the event. This may provide further support for our

new conceptual model of a carbon sink produced by car-

bonate weathering based on H2O–carbonate–CO2–aquatic

phototroph interaction.

7 Future directions for research

There are two great problems in the study of carbon cycle

of aquatic systems. One is the high degree of uncertainty

present in estimating the fluxes of carbon sources and

carbon sinks, and the other is a paucity of knowledge about

the mechanisms determining sources and sinks. At present,

oceans are regarded an important carbon sink

(2 ± 0.4 Pg C/a) [73]. However, inland waters are mainly

considered as an important carbon source (2.1 Pg C/a:

1.8 ± 0.25 for streams and rivers, and 0:32þ0:52
�0:26 for lakes

and reservoirs) [74]. Although two studies [38, 41] have

considered inland waters as an important carbon sink

through the burial of organic carbon in their aquatic sys-

tems, the sources (or forming mechanisms) of this organic

carbon remain to be determined; there is also substantial

difference (0.2 versus 0.6 Pg C/a) in the carbon sink flux

estimation between these two studies. It would thus appear

that solid results concerning carbon sequestration in

aquatic systems cannot, as yet, be provided. This review is

therefore an effort to emphasize the importance of com-

plete mechanisms (H2O–carbonate–CO2–aquatic photo-

troph interaction on land) in understanding the terrestrial

carbon cycle.

There are two major processes which sequester carbon

on the continents [12, 13, 21]: (1) Photosynthesis, where

plants store the atmospheric carbon in the ecological sys-

tem in the form of organic carbon and (2) carbon storage in

aqueous systems in the form of DIC and AOC. Inorganic

carbon cycling is as important as organic carbon cycling,

but current studies of terrestrial ecosystems consider

mainly organic carbon cycling; the interaction between

inorganic and organic carbon cycles is neglected. Eluci-

dating the coupling relations between the inorganic and

organic carbon cycles is the key to revising the carbon

cycle model, especially in carbonate rock areas.

In short, we need to combine the separate studies of

photosynthesis and water–rock–gas interaction into a

water–rock (soil)–gas–organisms interaction study (Fig. 3).

In carbonate terrains, especially in karst regions, the carbon

sink produced by carbonate weathering has a similar

impact on the organic carbon sink. Therefore, atmosphere,

vegetation, soil, carbonate, and water have to be considered

within the context of the carbon cycle as a whole (Fig. 3).

The conventional rock weathering evaluation method

based on water–rock–gas interaction considers only inor-

ganic components; the calculation can be simply expressed

as

CSF ¼ FDIC ¼ n� Q� DIC½ �=A; ð3Þ

where CSF is the rock weathering carbon sink flux; FDIC is

the DIC flux via runoff; A is the watershed area; Q is the

aqueous discharge; [DIC] is the concentration of dissolved

inorganic carbon at river mouths; and n is the rock

weathering coefficient for the carbon sink. For the weath-

ering of carbonate rocks n = 0.5, indicating that only one

half of the HCO3
- generated is of atmospheric origin when

the rock dissolves; for pure silicate weathering, n = 1

because all the HCO3
- involved is of atmospheric origin

[21].

However, due to the presence of aquatic phototrophs

(Fig. 4), a large proportion of the DIC in aquatic ecosys-

tems is converted into organic carbon (Fig. 2), forming

AOC. Therefore, in order to calculate the rock weathering

carbon sink flux (CSF) correctly, it is necessary to consider

AOC values [37, 52, 53, 75]. The CSF is thus rewritten as

CSF ¼ FDIC þ FAOC þ FSAOC

¼ n� Q� ð DIC½ � þ ½AOC�Þ=Aþ FSAOC; ð4Þ
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where FDIC and FAOC are the dissolved inorganic carbon

flux and the AOC flux via surface runoff, respectively;

FSAOC is the sedimentary flux of AOC in surface water

system(s); and [DIC] and [AOC] are the concentrations of

the DIC and autochthonous OC at river mouths,

respectively.

Any prediction of the extent of the carbon sink produced

by H2O–carbonate–CO2–aquatic phototroph interaction

under global warming and land use change needs to be

enhanced and corroborated with additional evidence.

Satellite observations indicate that the water cycle will

increase at a rate of 7 % per �K of surface warming [76].

Raymond et al. [14], however, argue that land use change

and management have been more important than changes

in climate and plant CO2 fertilization vis-à-vis increases in

riverine water and carbon export from the Mississippi

River over the past 50 years. The vital question is how far

this applies to other parts of the world.

Finally, it should be noted that, although the DIC con-

centration in water can be increased by rock weathering

due to high concentrations of deep earth CO2 [77, 78], this

is not of atmospheric origin and so cannot be regarded as a

carbon sink. Thus, this carbon must be deducted from any

carbon sink calculations. In addition, other inorganic acids

such as sulfuric acid formed by the oxidation of sulfide

[79–83] and nitric acid due to nitrification [84, 85] can also

increase the DIC concentration in water. Their roles are

similar to that of deep earth CO2 and thus should also be

deducted from the calculation of carbon sinks. Neverthe-

less, determining the relative contributions of all these

mechanisms, which will vary in importance regionally and

temporally, is a critical component of future research.

Acknowledgments This work was supported by the National Basic

Research Program of China (2013CB956703) and the National Nat-

ural Science Foundation of China (41430753 and 41172232). Special

thanks are given to Prof. Dr. Derek Ford (McMaster University,

Canada) and Dr. Gwen Macpherson (University of Kansas, USA) for

their thoughtful comments and corrections, which greatly improved

the original draft.
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Nature Reserve, Guizhou, SW China

Sci. Bull. (2015) 60(2):182–191 189

123



Conflict of interest The authors declare that they have no conflict

of interest.

References

1. Broecker WS, Takahashi T, Simpson HJ et al (1979) Fate of

fossil fuel carbon dioxide and the global carbon budget. Science

206:409–418

2. Tans PP, Fung IY, Takahashi T (1990) Observational constraints

on the global atmospheric CO2 budget. Science 247:1431–1438

3. Melnikov NB, O’Neill BC (2006) Learning about the carbon

cycle from global budget data. Geophys Res Lett 33:L02705

4. Houghton RA (2007) Balancing the global carbon budget. Ann

Rev Earth Planet Sci 35:313–347

5. Hudson RJM, Gherini SA, Goldstein RA (1994) Modeling the global

carbon-cycle—nitrogen-fertilization of the terrestrial biosphere and

the missing CO2 sink. Glob Biogeochem Cycles 8:307–333

6. Friedlingstein P, Fung I, Holland E et al (1995) On the contri-

bution of CO2 fertilization to the missing biospheric sink. Glob

Biogeochem Cycles 9:541–556

7. Kheshgi HS, Jain AK, Wuebbles DJ (1996) Accounting for the

missing carbon-sink with the CO2-fertilization effect. Clim

Change 33:31–62

8. Pan Y, Birdsey RA, Fang J et al (2011) A large and persistent

carbon sink in the world’s forests. Science 333:988–993

9. Berner RA (2004) The Phanerozoic carbon cycle. Oxford Uni-

versity Press, London

10. Berner RA (2003) The long-term carbon cycle, fossil fuels and

atmospheric composition. Nature 426:323–326

11. Sabine CL, Heimann M, Artaxo P et al (2004) Current status and

past trends of the carbon cycle. In: Field CB, Raupach MR (eds)

The global carbon cycle: integrating humans, climate, and the

natural world. Island Press, Washington, pp 17–44

12. Liu Z, Dreybrodt W, Wang H (2010) A new direction in effective

accounting for the atmospheric CO2 budget: considering the

combined action of carbonate dissolution, the global water cycle

and photosynthetic uptake of DIC by aquatic organisms. Earth

Sci Rev 99:162–172

13. Raymond PA, Cole JJ (2003) Increase in the export of alkalinity

from North America’s largest river. Science 301:88–91

14. Raymond PA, Oh NH, Turner RE et al (2008) Anthropogenically

enhanced fluxes of water and carbon from the Mississippi River.

Nature 451:449–452

15. Macpherson GL, Roberts JA, Blair JM et al (2008) Increasing

shallow groundwater CO2 and limestone weathering, Konza

Prairie, USA. Geochim Cosmochim Acta 72:5581–5599

16. Blum JD, Gazis CA, Jacobson AD et al (1998) Carbonate versus

silicate weathering in the Raikhot watershed within the High

Himalayan Crystalline Series. Geology 26:411–414

17. White AF, Bullen TD, Vivit DV et al (1999) The role of dis-

seminated calcite in the chemical weathering of granitoid rocks.

Geochim Cosmochim Acta 63:1939–1953

18. White AF, Schulz MS, Lowenstern JB et al (2005) The ubiqui-

tous nature of accessory calcite in granitoid rocks: Implications

for weathering, solute evolution, and petrogenesis. Geochim

Cosmochim Acta 69:1455–1471

19. Jacobson AD, Blum JD, Chamberlain CP et al (2002) Ca/Sr and

Sr isotope systematics of a Himalayan glacial chronosequence:

Carbonate versus silicate weathering rates as a function of

landscape surface age. Geochim Cosmochim Acta 66:13–27

20. Jacobson AD, Blum JD, Walter LM (2002) Reconciling the

elemental and Sr isotope composition of Himalayan weathering

fluxes: insights from the carbonate geochemistry of stream

waters. Geochim Cosmochim Acta 66:3417–3429

21. Gaillardet J, Dupre B, Louvat P et al (1999) Global silicate

weathering and CO2 consumption rates deduced from the

chemistry of large rivers. Chem Geol 159:3–30

22. Dreybrodt W (1988) Processes in Karst Systems. Springer,

Heidelberg

23. White AF, Brantley SL (2003) The effect of time on the weath-

ering of silicate minerals: Why do weathering rates differ in the

laboratory and field? Chem Geol 202:479–506

24. Moore J, Jacobson AD, Holmden C et al (2013) Tracking the

relationship between mountain uplift, silicate weathering, and

long-term CO2 consumption with Ca isotopes: Southern Alps,

New Zealand. Chem Geol 341:110–127

25. Berner RA, Lasaga AC, Garrels RM (1983) The carbonate-sili-

cate geochemical cycle and its effect on atmospheric carbon-

dioxide over the past 100 million years. Am J Sci 283:641–683

26. Meybeck M (1987) Global chemical weathering of surficial rocks

estimated from river dissolved loads. Am J Sci 287:401–428

27. Invers O, Zimmerman RC, Alberte RS et al (2001) Inorganic

carbon sources for seagrass photosynthesis: an experimental

evaluation of bicarbonate use in species inhabiting temperate

waters. J Exp Mar Biol Ecol 265:203–217

28. Kahara SN, Vermaat JE (2003) The effect of alkalinity on pho-

tosynthesis-light curves and inorganic carbon extraction capacity

of freshwater macrophytes. Aquat Bot 75:217–227

29. Sun HG, Han JT, Zhang RR et al (2011) Transformation of

dissolved inorganic carbon (DIC) into particulate organic carbon

(POC) in the lower Xijiang River, SE China: an isotopic

approach. Biogeosci Discuss 8:9471–9501

30. Pedersen O, Colmer TD, Sand-Jensen K (2013) Underwater

photosynthesis of submerged plants—recent advances and

methods. Front Plant Sci 4:140

31. Longhursta AR, Harrison WG (1989) The biological pump:

profiles of plankton production and consumption in the upper

ocean. Prog Oceanogr 22:47–123

32. Ternon JF, Oudot C, Dessier A et al (2000) Seasonal tropical sink

for atmospheric CO2 in the Atlantic Ocean: the role of the

Amazon River discharge. Mar Chem 68:183–201

33. Einsele G, Yan J, Hinderer M (2001) Atmospheric carbon burial

in modern lake basins and its significance for the global carbon

budget. Glob Planet Change 30:167–195

34. Lerman A, Mackenzie FT (2005) CO2 air–sea exchange due to

calcium carbonate and organic matter storage, and its implica-

tions for the global carbon cycle. Aquat Geochem 11:345–390

35. Wang F, Wang Y, Zhang J et al (2007) Human impact on the

historical change of CO2 degassing flux in River Changjiang.

Geochem Trans 8:7

36. Yang H, Xing Y, Xie P et al (2008) Carbon source/sink function

of a subtropical, eutrophic lake determined from an overall mass

balance and a gas exchange and carbon burial balance. Environ

Pollut 151:559–568

37. Waterson EJ, Canuel EA (2008) Sources of sedimentary organic

matter in the Mississippi River and adjacent Gulf of Mexico as

revealed by lipid biomarker and d13CTOC analyses. Org Geochem

39:422–439

38. Battin TJ, Luyssaert S, Kaplan LA et al (2009) The boundless

carbon cycle. Nat Geosci 2:598–600

39. Liu Z, Dreybrodt W, Liu H (2011) Atmospheric CO2 sink: Sili-

cate weathering or carbonate weathering? Appl Geochem

26:292–294

40. Tipper ET, Gaillardet J, Galy A et al (2010) Calcium isotope

ratios in the world’s largest rivers: a constraint on the maximum

imbalance of oceanic calcium fluxes. Glob Biogeochem Cycles

24:GB3019

41. Cole JJ, Prairie YT, Caraco NF et al (2007) Plumbing the global

carbon cycle: integrating inland waters into the terrestrial carbon

budget. Ecosystems 10:171–184

190 Sci. Bull. (2015) 60(2):182–191

123



42. Regnier P, Friedlingstein P, Ciais P et al (2013) Anthropogenic

perturbation of the carbon fluxes from land to ocean. Nat Geosci

6:597–607

43. Andrews JA, Schlesinger WH (2001) Soil CO2 dynamics, acidifi-

cation, and chemical weathering in a temperate forest with exper-

imental CO2 enrichment. Glob Biogeochem Cycles 15:149–162

44. King JS, Hanson PJ, Bernhardt E et al (2004) A multiyear synthesis

of soil respiration responses to elevated atmospheric CO2 from four

forest FACE experiments. Glob Change Biol 10:1027–1042

45. Karberg NJ, Pregitzer KS, King JS et al (2005) Soil carbon dioxide

partial pressure and dissolved inorganic carbonate chemistry under

elevated carbon dioxide and ozone. Oecologia 142:296–306

46. Wan S, Norby RJ, Ledford J et al (2007) Responses of soil res-

piration to elevated CO2, air warming, and changing soil water

availability in a model old-field grassland. Glob Change Biol

13:2411–2424

47. Worrall F, Burt TP, Sheddon R (2003) Long terms records of

riverine carbon flux. Biogeochemistry 64:165–178

48. Evans CD, Monteith DT, Cooper DM (2005) Long-term increases

in surface water dissolved organic carbon: Observations, possible

causes and environmental impacts. Environ Pollut 137:55–71

49. Vuorenmaa J, Forsius M, Mannio J (2006) Increasing trends of

total organic carbon concentrations in small forest lakes in Fin-

land from 1987 to 2003. Sci Total Environ 365:47–65

50. De Wit HA, Mulder J, Hindar A (2007) Long-term increase in

dissolved organic carbon in stream waters in Norway is response

to reduced acid deposition. Environ Sci Technol 41:7706–7713

51. Couture S, Houle D, Gagnon C (2012) Increases of dissolved

organic carbon in temperate and boreal lakes in Quebec, Canada.

Environ Sci Pollut Res 19:361–371

52. Bianchi TS, Filley T, Dria K et al (2004) Temporal variability in

sources of dissolved organic carbon in the lower Mississippi

River. Geochim Cosmochim Acta 68:959–967

53. Bianchi TS, Wysocki LA, Stewart M et al (2007) Temporal

variability in terrestrially-derived sources of particulate organic

carbon in the lower Mississippi River and its upper tributaries.

Geochim Cosmochim Acta 71:4425–4437

54. Kim JH, Zell C, Moreira-Turcq P et al (2012) Tracing soil

organic carbon in the lower Amazon River and its tributaries

using GDGT distributions and bulk organic matter properties.

Geochim Cosmochim Acta 90:163–180

55. Nielsen ES (1946) Carbon sources in the photosynthesis of

aquatic plants. Nature 158:594–596

56. Cassar N, Laws EA, Bidigare RR et al (2004) Bicarbonate uptake

by Southern Ocean phytoplankton. Glob Biogeochem Cycles

18:GB2003

57. Liu Y, Liu Z, Zhang J et al (2010) Experimental study on the

utilization of DIC by Oocystis solitaria Wittr and its influence on

the precipitation of calcium carbonate in karst and non-karst

waters. Carbonates Evaporites 25:21–26

58. Tice MD, Lowe DR (2004) Photosynthetic microbial mats in the

3416-Myr-old ocean. Nature 431:549–552

59. Flanagan KM, Mccauley E, Wrona F (2006) Freshwater food

webs control carbon dioxide saturation through sedimentation.

Glob Change Biol 12:644–651

60. Iglesias-Rodriguez MD, Halloran PR, Rickaby REM et al (2008)

Phytoplankton calcification in a high-CO2 world. Science

320:336–340

61. Perry MJ (1976) Phosphate utilization by an oceanic diatom in

phosphorus-limited chemostat culture and in the oligotrophic

waters of the central North Pacific. Limnol Oceanogr 21:88–107

62. Caperon J, Meyer J (1972) Nitrogen-limited growth of marine

phytoplankton-II uptake kinetics and their role in nutrient limited

growth of phytoplankton. Deep Sea Res 19:619–632

63. Morel FMM, Reinfelder JR, Roberts SB et al (1994) Zinc and carbon

co-limitation of marine phytoplankton. Nature 369:740–742

64. Martin JH, Gordon RM, Fitzwater SE (1990) Iron in Antarctic

waters. Nature 345:156–158

65. Struck U, Sarnthein M, Westerhausen L et al (1993) Ocean–

atmosphere carbon exchange—impact of the biological pump in

the Atlantic equatorial upwelling belt over the last 330,000 years.

Palaeogeogr Palaeoclim Palaeoecol 103:41–56

66. Dean WE, Gorham E (1998) Magnitude and significance of carbon

burial in lakes, reservoirs, and peatlands. Geology 26:535–538

67. Hodell DA, Brenner M, Kanfoush SL et al (1999) Paleoclimate of

Southwestern China for the past 50,000 yr inferred from lake

sediment records. Quat Res 52:369–380
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