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Abstract

The relationships between the global carbon cycle and paleo-climates on short and long time scales have been based on

studies of accumulation rate of the two main components of the sedimentary carbon reservoir, organic carbon and carbonate

carbon. Variations in the rate and proportion of carbonate burial through Phanerozoic time have been attributed to the effects of

tectonics on eustasy, atmospheric CO2 concentration, MOR (Mid-Ocean Ridge) hydrothermal flux, and weathering and riverine

flux.

This study addresses the history of variations in the state of the surface ocean and its degree of saturation with respect to

calcite and aragonite, based on a geochemical model that considers the Phanerozoic atmospheric PCO2
and surface ocean

temperature reconstructions as the main forcings on the system. The results show that, using near-present-day values of ocean

salinity and alkalinity, the Early Paleozoic and Middle Mesozoic oceans are calculated to be undersaturated (or nearly

undersaturated) with respect to CaCO3. For the near-present-day values of supersaturation (X=ICP/Ksp) of 3–5 with respect to

calcite, paleo-alkalinity of ocean water would have been up to 2.5 times greater than at present, although the pH values of

surface ocean water would have been somewhat lower than the present values. This alkalinity factor is consistent with a higher

calcium concentration (up to �2.5) due to increased circulation at ocean spreading-zones and also higher salinity (up to �1.5)

attributed by other authors to segments of the geologic past. Our model results indicate that although PCO2
was a contributing

factor to shifts between calcite and aragonite saturation of seawater, additional changes in alkalinity were needed to maintain

supersaturation at the level of 3–5, comparable to the present. Continental weathering of crystalline and older carbonate rocks,

in addition to MOR (Mid-Ocean Ridge) circulation, was likely an important mechanism for maintaining supersaturation of

surface ocean water, particularly during times of increased carbonate storage.
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1. Introduction

Natural perturbations of the long-term carbon

cycle and atmospheric CO2 reservoir size have been

suggested to impact global climate (e.g., Crowley

and Berner, 2001). Variations in atmospheric CO2

are likely linked to CO2 variations within the oceanic

reservoir because of its much greater carbon mass

and relatively rapid exchange of CO2 with the

atmosphere. In the Earth surface environment,

carbon exchange between atmospheric, biotic, soil,

and oceanic reservoirs is generally rapid on a

geologic time scale, with characteristic times from

years to thousands of years, and it is referred to as

the exogenic or short-term carbon cycle (e.g., Berner,

1999). The long-term carbon cycle, with character-

istic times of 108–109, years involves accumulation

of oceanic sediments, their partial subduction and

partial incorporation in the continental crust, volcanic

and metamorphic degassing, continental uplift, ero-

sion and chemical weathering (e.g., Rankama and

Sahama, 1950).

The oceans are the largest short-term carbon cycle

reservoir where mineral CaCO3 and biologically

produced organic matter form, that are the main

sources of carbon to the sedimentary reservoir for

long-term storage. Therefore, the oceanic reservoir of

carbon and environmental conditions in that reservoir

are important components of long-term carbon

cycling.

The relationships between the global carbon

cycle and paleo-climates on short and long time

scales have largely been based on studies of

accumulation rates of the two main components of

the sedimentary carbon reservoir, organic carbon

and carbonate carbon (Berner and Canfield, 1989;

Wilkinson and Walker, 1989; Mackenzie and Morse,

1992; Bosscher and Schlager, 1993; Hayes et al.,

1999; Walker et al., 2002). Variations in the rate

and proportion of carbonate burial through Phaner-

ozoic time have been variably attributed to the

influence of eustasy, atmospheric CO2 concentra-

tion, mid-ocean ridge (MOR) hydrothermal flux,

and weathering and riverine flux (Mackenzie and

Pigott, 1981; Sandberg, 1985; Hardie, 1996). How-

ever, the relative importance of these processes to

carbon cycling, possible changes in surface ocean

chemistry, and paleo-climate is not fully understood.
For example, either the dynamics of MOR circu-

lation, and corresponding changes in Mg/Ca ratios

(Stanley and Hardie, 1998) or atmospheric CO2

concentrations and associated changes in marine

carbonate chemistry (Sandberg, 1985) were postu-

lated as drivers of oscillations in preferential

preservation of aragonite or calcite in sediments.

These oscillations are due to the different solubil-

ities of the two minerals: Ksp(calcite)=10
�6.37 and

Ksp(aragonite)=10
�6.19 at the salinity of 35, 25 8C,

and P=1 bar; at the same salinity, but at 5000 m

depth where Pc510 bar and the temperature is 1.5

8C, the two minerals are more soluble although the

difference between their solubilities is essentially the

same, Ksp(calcite)=10
�5.93 and Ksp(aragonite)=

10�5.76. The difference in the degree of saturation

at ocean surface conditions is Xcalcitec1.5Xaragonite,

due to the higher solubility of aragonite. Such

oscillations are noted in the record of inorganic

precipitates of CaCO3 in ooids and cements (Sand-

berg, 1985) are interpreted as reflecting changes in

ocean chemistry or environmental conditions in

calcification and depositional settings. As a better

understanding of the input and burial fluxes of carbon

and calcium within the oceanic reservoir would help

to constrain their relative importance to the changes in

the long-term carbon cycle, this study addresses the

following specific questions:

! What would be the saturation state (X) of calcite

and aragonite in Phanerozoic surface waters at

equilibrium with reconstructed PCO2
concentrations

and temperatures?

! What other major parameters of the oceanic carbon

cycle have likely changed through time and can

such changes be constrained?

! Are resulting saturation states consistent with the

hypothesis of PCO2
as a driver of calcitic–aragonitic

oscillations in the marine record?

! What input fluxes of C and Ca were needed to

maintain organic carbon and carbonate burial rates

through the Phanerozoic?

2. Background relationships

The chemical relationships essential to our analysis

are summarized below. The solubility of CO2 and its
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apparent dissociation constants in surface ocean water

are:

½H2CO34� ¼ K0PCO2
ð1Þ

½HCO�
3 � ¼ PCO2

K0K1=½Hþ� ð2Þ

½CO2�
3 � ¼ PCO2

K0K1K2=½Hþ�2 ð3Þ

K0, K1, and K2 are functions of temperature and

salinity (Zeebe and Wolf-Gladrow, 2001) and H2CO3*

represents both CO2(aq) and carbonic acid, concen-

trations are in [mol/kg], and the H+-ion concentration

in relation to the pH is on the pH total scale (Zeebe

and Wolf-Gladrow, 2001). The sum concentration of

dissolved carbonate species is total dissolved inor-

ganic carbon (DIC):

DIC½ � ¼ ½H2CO34� þ ½HCO�
3 � þ ½CO2�

3 � ð4Þ

Total alkalinity is the electric charge balance in

solution between the ionic concentrations of H+-

independent cations and H+-independent anions, and

it is equal to the charge–concentration balance of the

H+-dependent species:

½AT� ¼ ½HCO�
3 � þ 2½CO2�

3 � þ ½B OHð Þ�4 � þ ½OH��
� ½Hþ� ¼ AC þ AB þ AW ð5aÞ

where AC is carbonate alkalinity, AB is borate

alkalinity (the borate anion concentration), and Aw is

water alkalinity or the difference between the OH�

and H+-ion concentrations. At atmospheric CO2 con-

centration of 280 ppmv and temperature between 58C
and 15 8C, carbonate alkalinity accounts for 96–97%

of total alkalinity and borate alkalinity is 4–3% of the

total. Total alkalinity as a function of PCO2
and pH is:

½AT� ¼ ðK0K1PCO2
=½Hþ�Þ

þ ð2K0K1K2PCO2
=½Hþ�2Þ þ KW=½Hþ�

þ DIB½ �=ð1þ ½Hþ�=KBÞ � ½Hþ� ð5bÞ

DIB is dissolved inorganic boron and Kw and KB are

the apparent dissociation constants of water and boric

acid, respectively. In simpler terms, alkalinity is a

conservative quantity that does not change with

temperature, and it is equivalent to the amount of

acid that can be neutralized by a solution. Total

alkalinity is not affected by changes in internal PCO2
or atmospheric CO2 concentration at equilibrium with

seawater. However, DIC, the pH, and B(OH)4
�

concentration as a fraction of total dissolved boron

all change with changing PCO2
.

Rivers bring both a dissolved and particulate flux

of carbon to surface ocean water. The dissolved flux

of inorganic carbon is sourced by oxidation of organic

matter, Eq. (6), dissolution of carbonate minerals, Eq.

(7), and hydrolysis of silicate minerals, Eq. (8):

CH2O+O2 Y CO2+H2O (6)

CaCO3+H2O+CO2 Y 2HCO3
�+Ca2+ (7)

CaSiO3+H2O+CO2 Y HCO3
-+Ca2++SiO2+OH

� (8)

Alteration of oceanic crust at mid-ocean ridges is

comparable to reaction Eq. (8). Primary production

consumes CO2 in the photic zone through photosyn-

thesis:

CO2+H2O Y CH2O+O2 (9)

Much of the organic matter is oxidized (Eq. (6)) in

shallow water, but some is vertically transported to the

deep ocean, to be, in part, returned in dissolved form

by upwelling and, in part, buried in sediment.

Numerous groups of marine biota are also prominent

producers of biogenic calcium carbonate (Lowenstam

and Weiner, 1989):

Ca2++2HCO3
2� Y CaCO3+CO2+H2O (10)

To maintain the alkalinity of ocean water, supply of

dissolved ionic constituents must be balanced by their

removal, as shown in Eqs. (7)–(10). Precipitation of

calcite generates dissolved CO2, Eq. (10), and bio-

logical production of organic matter consumes CO2,

Eq. (9). At the time scales of the last 104–102 years,

since the Last Glacial Maximum 18,000 yr b.p. to the

end of pre-industrial time about 300 yr ago, net

storage of CaCO3 and Corg in the coastal and open

ocean sediments was responsible for significant fluxes

of CO2 from surface ocean to the atmosphere (Lerman

and Mackenzie, 2004). However, at geologically

longer time scales, the sea-to-air CO2 transfer must

have been balanced by its uptake in other reservoirs of

the global carbon cycle, without which the fluctua-
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tions in atmospheric CO2 concentration would have

been unreasonably large.

The saturation state of the carbonate minerals in

surface water can be expressed as the ratio (X) of

ion concentration product (ICP) to the solubility pro-

duct (Ksp) (Mucci, 1983; Zeebe and Wolf-Gladrow,

2001):

X ¼ ICP=Ksp ð11Þ

The ICP for calcite and aragonite is the product of

calcium and carbonate total ion concentrations in

solution. The Ksp values for these minerals are the

product of total calcium and carbonate ion concen-

trations in seawater that is saturated with the

particular mineral. At the specific conditions of

temperature and salinity, X values greater than 1

represent supersaturation and Xb1 undersaturation

with respect to these minerals.
3. Model parameters

The effects of temperature and atmospheric

carbon dioxide concentration on equilibrium con-

stants and surface water pH are important, as ancient

ocean composition (the carbonate system in partic-

ular) in the Phanerozoic was argued to have been

different from modern ocean composition. The

evidence for varied Phanerozoic seawater chemistry

has been derived from several types of studies:

carbonate mineralogy and abundance patterns

(Mackenzie and Pigott, 1981; Sandberg, 1985;

Mackenzie and Morse, 1992; Stanley and Hardie,

1998), evaporite and fluid inclusion compositions

(Hardie, 1996; Holland et al., 1996; Kovalevich et

al., 1998; Lowenstein et al., 2001; Horita et al.,

2002), variation in marine isotopic records (Pearson

and Palmer, 1999; Veizer et al., 1999; De La Rocha

and DePaolo, 2000), and various models of marine

systems (Wallmann, 2001; Zeebe, 2001; Demicco et

al., 2003; Hansen and Wallmann, 2003). If models of

atmospheric carbon dioxide (e.g., Berner and Kotha-

vala, 2001) provide a reasonable estimate of Phaner-

ozoic surface ocean CO2 through its solubility

following Henry’s Law, Eq. (1), then portions of

the Phanerozoic, when atmospheric PCO2
might have

been up to 30 times that of pre-industrial values, are
also likely to record changes in marine carbonate

chemistry. In order to evaluate and constrain changes

in Phanerozoic surface ocean chemistry at time

scales of 107–108 years and quantify transport fluxes

of C and Ca with respect to this reservoir, the

following data were used: (1) shallow, tropical

marine temperatures reconstructions (Veizer et al.,

1999; Wallmann, 2001, 2004); (2) modeled atmos-

pheric CO2 concentrations (Berner and Kothavala,

2001); and (3) estimates of the sedimentary burial

rates of organic carbon (Berner and Canfield, 1989)

and carbonate (Wilkinson and Walker, 1989; Mack-

enzie and Morse, 1992; Berner, pers. comm., 2004).

The carbon dioxide and temperature data sets, also

shown in Fig. 1A, were used to evaluate oceanic

carbonate chemistry. The equations discussed in the

previous section address oceanic equilibrium with

respect to atmospheric CO2 in the geologic past. The

sediment organic carbon and carbonate data are

shown in Fig. 1B. The equilibrium constants for

each reaction were calculated for given temperatures

and modern values of salinity (35 psu or practical

salinity units on the UNESCO salinity scale, close to

35 g/kg) using the equations of Mucci (1983) and

Zeebe and Wolf-Gladrow (2001).
4. Results

For the Phanerozoic, values of the pH, DIC, and

the carbonate species, as shown in Fig. 2, were

calculated, using the temperature (Wallmann, 2001,

2004) and PCO2
(Berner and Kothavala, 2001)

reconstructions for the Phanerozoic, in conjunction

with assumed present day alkalinity, salinity, and

DIB for the entire time period. The results of the pH

and [CO3
2�] are similar to those reported by Tyrrell

and Zeebe (2004), who calculated these values from

estimates of CaCO3 saturation state over the past 100

million years, whereas our results aim to calculate

saturation states of calcite and aragonite from the

aforementioned parameters. Our results indicate that

the ocean would have been undersaturated with

respect to calcite and aragonite over long periods

of time in the Paleozoic and nearly reach under-

saturation in the Mesozoic (Fig. 2D), assuming

present-day alkalinity. With respect to calcite, this

computed undersaturation occurs about 160 million
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Fig. 1. Reconstructions of Phanerozoic PCO2
, shallow sea temperatures, and carbon burial fluxes in relation to oscillations in calcitic, labeled C,

and aragonitic, labeled A, seas, following Stanley and Hardie (1998). (A) Modeled atmospheric CO2 concentrations are expressed relative to the

300 ppmv Holocene value (RCO2; Berner and Kothavala, 2001) and shallow sea temperatures, derived from oxygen isotopes in biogenic

carbonate, are in degrees Celsius (Wallmann, 2004). (B) Reconstructions of organic carbon (Corg; including coal; Berner and Canfield, 1989)

and carbonate (Mackenzie and Morse, 1992) burial rates.
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years ago in the Mesozoic Era (Jurassic) and 560–

380 million years ago in the Paleozoic, from the

Cambrian to the Late Devonian. The duration of

undersaturation with respect to aragonite is similar,

though slightly longer, as aragonite is more soluble
under surface ocean conditions; undersaturation

occurs from Jurassic to Early Cretaceous (160–120

million years ago) and from Cambrian to Devonian

(560–380 million years ago). The range of the X
values shows that during these periods the degree of



TKJTrPCDSOC

A I A IIIA IIC I C II
1. 9

2. 1

2. 3

2. 5

2. 7
A

TKJTrPCDSOC

A I A IIIA IIC I C II 0

5

10

15

20

25
B

TKJTrPCDSOC
A I A IIIA IIC I C II

6.8

7.2

7.6

8

8.4
C

TKJTrPCDSOC

A I A IIIA IIC I C II 0

1

3

5

7

9
D

Total DIC and [HCO3
-] Carbonate ion [CO3

2-]

pH (total scale) Degree of saturation for calcite at low, best fit, and high PCO2

Lower limit of PCO2

Upper limit of PCO2

Best fit

Millions of years before present Millions of years before present

600 500 400 300 200 100 0 600 500 400 300 200 100 0

600 500 400 300 200 100 0 600 500 400 300 200 100 0

Supersaturation

band in the model

DIC

[HCO3
-]

x 10
-3 m

ol/kg
- log [H

+]

x 10
-5 m

ol/kg
IC

P
 / K

sp

Fig. 2. Modeled components of the oceanic carbonate system as a function of PCO2
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Total dissolved inorganic carbon and bicarbonate concentrations. (B) Carbonate ion concentration. (C) pH as the negative logarithm of hydrogen
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values from Berner and Kothavala (2001) and their upper

and lower limits through the Phanerozoic.
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saturation was considerably lower than in the Recent

and it roughly corresponds to time intervals when

primary inorganic carbonate sediments and cements

are calcitic, and calcite secreting organisms flour-

ished in comparison to aragonite secretors (Sandberg,

1985; Stanley and Hardie, 1998). Results of under-

saturation for both calcite and aragonite are difficult

to reconcile with the occurrence of massive deposits

of limestone in these geologic periods (Sandberg,

1985). Although the rate of CaCO3 deposition, as
shown in Fig. 1, might have varied by a factor of

about 3, between 10 and 30�1012 mol C/yr during

most of the Phanerozoic, the high and low deposi-

tional periods do not coincide with the high and low

degrees of supersaturation with respect to calcite, as

computed in Fig. 2. The effect of PCO2
on the degree

of saturation of ocean water is considerably greater

than the effect of temperature because of the large

range and the high values of PCO2
estimated for the

Early Paleozoic (Fig. 1)).



R.E. Locklair, A. Lerman / Chemical Geology 217 (2005) 113–126 119
5. Discussion

The result in the preceding section, showing

undersaturation of surface ocean water with respect

to calcite at the given forcings of PCO2
and temper-

ature at constant alkalinity, leads to the following

question: what would be the alkalinity of surface

ocean water if the degree of supersaturation with

respect to calcite were always in a band between

Xc3 and 5 (Fig. 2D), at the PCO2
and temperature

values as used in the preceding computation and

shown in Fig. 1? The conservative range of super-

saturation between 3 and 5 is representative of the

Tertiary and close to the modern value of about 5.5–6.

The Tertiary is characterized by relatively strong

mechanical erosion of the continents and deposition

of CaCO3 formed to a large extent by planktonic and

benthonic oceanic organisms, and coral reefs and

possibly calcareous algae on continental shelves. This

environment is likely to be different from the earlier

geologic periods when other calcium-carbonate-

secreting organisms, occupying different ecological
PCDSOC
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niches, were abundant in the ocean or when the origin

of the limestones might have been weighted differ-

ently between inorganic and biogenic modes. Despite

these uncertainties, the range of supersaturation

between 3 and 5 is at least as defensible as any other

range for the past and the assumption of a constant

band of X may be consistent with a relatively long

Ca2+ residence time in the ocean (~106 years; from

data in Broecker and Peng, 1982; Drever, 1988).

For this range of supersaturation, using the same

value of PCO2
and temperature, as well as the modern

value of [Ca2+] in ocean water, alkalinity was

computed, Eq. (5b). The results, shown in Fig. 3,

indicate that alkalinity would have to be greater by a

factor of 2.5–3.5 at certain geologic periods, if the

degree of supersaturation with respect to calcite were

at a level of 3–5. This alkalinity factor is consistent

with a higher calcium concentration, up to �2.5 due

to increased MOR circulation, as estimated by Hardie

(1996), and higher salinity, up to �1.5 (Hay and

Wold, 1997). Such variation in alkalinity, however,

may be due to dynamics of continental weathering
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and riverine transport more than to interaction

between ocean water and mid-ocean ridge system, if

the latter contributed less alkalinity to the ocean than

weathering, as in the present. Alternatively, increases

in Ca2+ ion flux and concentration may be called upon

(e.g., by a concentration factor up to ~2.5; Hardie,

1996; Horita et al., 2002) in conjunction with the

same input parameters of PCO2
and temperature, in

order to achieve modeled supersaturation of calcite

during these times. Incorporation of such Ca2+ factors

(Fig. 3) in our model of aqueous carbonate species

through the Phanerozoic does, of course, result in

higher degrees of saturation for the previously

described undersaturated periods (Early Paleozoic

and Middle Mesozoic, Fig. 2D), but many of the

values are still below 3 (Fig. 4), lower than the near-

present-day value. This indicates that neither atmos-

pheric carbon dioxide nor seawater calcium concen-

trations are likely to have been sole drivers of

observed calcite–aragonite oscillations in the Phaner-

ozoic sedimentary record, at least under the input

conditions of temperature (Wallmann, 2004) that are

used in this model. Other geochemical studies of
PCDSOC
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ancient marine waters assume constant temperature

(Pearson and Palmer, 2000; Demicco et al., 2003).

On time scales of N106 years, burial fluxes of both

C and Ca must be matched by cumulative input fluxes

or else oceanic reservoirs would have become

depleted with respect to these elements, which are

largely dominated by riverine (weathering) and hydro-

thermal fluxes on such long time scales (Berner,

1999). Present-day and last 25-million-year average

fluxes of calcium to the world’s oceans have been

attributed primarily to riverine sources (~72%; hydro-

thermal reactions and cation exchange ~28%) and 93–

96% of the marine bicarbonate is supplied from rivers.

For these two periods, riverine inputs of Ca account

for 57–81% of CaCO3 removal into sediments,

respectively (Berner and Berner, 1996). However, on

longer time scales, the restored burial rates of

carbonate (Mackenzie and Morse, 1992; Berner, pers.

comm., 2004) and organic carbon (Berner and Can-

field, 1989), as shown in Fig. 1, should be balanced

by similar input fluxes of similar magnitude.

Changes in alkalinity of the paleo-oceans that are

needed, as calculated here, to maintain surface ocean
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supersaturation with respect to calcite at a factor of

X=3–5 (Fig. 4) could have been produced by very

small changes, about 0.4%, in each of the major

cations’ concentrations in ocean water relative to the

present composition, without considering any changes

in Cl� and SO4
2� (present-day values: Na+=0.470,

K+=0.010, Ca2+=0.010, and Mg2+=0.053 mol/kg).

The present-day sum of the four major cation-

equivalent concentrations is 0.6060 mol-equivalent/

kg and an increase of the individual concentrations by

about 0.4% increases the sum to 0.6084 mol-

equivalent/kg, which makes alkalinity greater by

2.4�10�3 than the present-day value of 2.41�10�3

mol-equivalent/kg, or greater by a factor of 2.

Although the calculation of a slight increase in

cationic concentrations needed to maintain charge

balance with increased alkalinity is simplistic, it helps

demonstrate the point that alkalinity changes remain a

potentially important mechanism for sustaining cal-

cium carbonate supersaturation through the Phaner-

ozoic. We recognize that studies of evaporite

sequences (e.g., Horita et al., 2002; Demicco et al.,

2003) have documented changes in Phanerozoic

cation concentrations of seawater indicating that

concentrations of some species have changed signifi-

cantly (e.g., Mg2+ and Ca2+may have varied by a

factor of 2–6 relative to the modern), whereas others,

such as K+, have not (Horita et al., 2002). Modeled

saturation states of calcite at constant alkalinity and

calcium ion concentration are compared to model

results with elevated [Ca2+], following Phanerozoic

values of Horita et al. (2002). Incorporation of such

calcium factors effectively raises the degree of

saturation of calcite throughout the Phanerozoic, but

fails, in some intervals, to raise these values to a range

near that of the modern and suggests that other

changes are requisite, such as alkalinity.

If increased surface ocean alkalinity were a

product of enhanced weathering and runoff then,

presumably, there would have been a correlative

increase in riverine transport of major ionic species.

This increase is small relative to the baseline of

average cation and anion concentrations in modern

river water (e.g., Meybeck, 1979; Drever, 1988;

Gaillardet et al., 1999). Phanerozoic burial rates of C

and Ca, as estimated by other authors, are tabulated

in Table 1 (Berner and Canfield, 1989 for organic

carbon; Mackenzie and Morse, 1992, and Berner,
pers. comm., 2004, for carbonate). Estimates of Ca

sequestered in evaporite deposits are not included

here, as such output fluxes are 1–5 orders of

magnitude smaller than that of Ca in carbonate.

Burial fluxes of Ca in evaporites were determined

from the total mass of evaporites reported by period

for the post-Triassic in Hay and Wold (1997) and the

proportion of Ca in evaporites presented in Berner

and Berner (1987). In conjunction with a model of

Phanerozoic riverine discharge (Tardy et al., 1989;

Table 1), necessary riverine composition to maintain

supersaturation of calcite and replenish Ca lost to

sedimentation and burial (reconstructed net burial

flux) is shown in Table 1. The calculated results in

the table are based on the assumption that the

oceanic carbon reservoir is replenished with carbon,

dominantly bicarbonate from runoff, to compensate

for carbon (both organic and carbonate forms) that is

delivered to storage in sediments. This mass of

carbon is taken as representing dissolved inorganic

carbon (DIC) supplied by rivers. The DIC/Ca ratio of

input flux needed to maintain conditions of super-

saturation and carbon storage is lower (1.1–1.4) than

that of typical modern river systems (2.31–2.55;

Table 1, column 9) or of the pre-industrial input of

carbon and the estimated Ca concentration that

would have matched the CaCO3 sediment storage

(1.81). However, if the mole ratios of carbon to

calcium in rivers have remained at a global average

of 1.8 through Phanerozoic time then, in conjunction

with estimates of total carbon burial rates, the rate of

Ca delivery by rivers would be smaller than the

computed rate needed to match the CaCO3 burial

rate as given in Table 1 (column 10). The difference

between the two Ca concentrations in rivers gives a

deficiency of Ca in riverine input relative to the

modern DIC/Ca ratios. This computed deficiency

suggests that a significant proportion of Ca, 30–40%,

would be needed from another source, such as

hydrothermal circulation, to maintain carbonate

supersaturation and burial rate. The computed DIC/

Ca ratio in river input that is needed to match the

CaCO3 and Corg burial rates (Table 1, column 9)

may be underestimated because the formation and

net storage of CaCO3 in sediments generate CO2

and, in a counter process, CO2 is taken in by the

production of organic matter. The net result may be

emission of CO2 from the surface ocean to the



Table 1

Estimates of global runoff, carbon burial, and computed input fluxes of C and Ca needed to balance burial and computed supply by rivers at time intervals of 20 million years

Time Ma River flow

(runoff)a

1016 kg/yr

Corg

burial rateb

1013 mol/yr

CaCO3

burial ratec

1013 mol/yr

CaCO3

burial rated

1013 mol/yr

Corg+HCO3
�

in riverse

10�4 mol/kg

Input Ca

matching

CaCO3 burial
f

1013 mol/yr

Ca conc.

in riversg

10�4 mol/kg

DIC/Ca

in inputh
Ca deficiency

in riversi

10�4 mol/kg

Percent Ca

in CaCO3

supplied

by rivers j

0 4.0 0.5 1.8 2.1 6.5 2.1 5.3 1.24 1.7 68

20 4.1 0.6 1.9 2.3 6.9 2.3 5.5 1.25 1.7 69

40 4.9 0.6 2.0 3.2 7.6 3.2 6.5 1.18 2.3 65

60 5.2 0.6 2.3 3.7 8.2 3.7 7.1 1.16 2.6 64

80 5.2 0.5 2.8 2.8 6.4 2.8 5.4 1.19 1.8 66

100 5.0 0.5 1.5 3.4 7.8 3.4 6.8 1.15 2.5 63

120 4.7 0.5 1.5 3.4 8.2 3.4 7.2 1.15 2.6 64

140 4.3 0.5 1.7 3.3 8.9 3.3 7.8 1.15 2.8 64

160 4.0 0.5 1.7 3.5 9.9 3.5 8.6 1.14 3.2 63

180 3.9 0.4 1.7 3.5 10.2 3.5 9.1 1.13 3.4 62

200 4.1 0.3 1.0 3.9 10.3 3.9 9.5 1.08 3.8 60

220 4.4 0.4 1.0 3.4 8.7 3.4 7.7 1.12 2.9 62

240 4.5 0.3 1.0 3.3 7.9 3.3 7.3 1.08 3.0 59

260 4.1 0.4 2.0 2.1 6.0 2.1 5.1 1.18 1.8 65

280 4.3 0.4 2.0 1.9 5.2 1.9 4.4 1.19 1.5 66

300 4.3 0.4 1.3 2.0 5.5 2.0 4.6 1.19 1.6 65

320 4.7 0.3 1.3 1.9 4.8 1.9 4.0 1.18 1.4 65

340 4.9 0.5 3.2 3.0 7.1 3.0 6.2 1.15 2.2 64

360 4.9 0.5 2.7 3.3 7.8 3.3 6.7 1.16 2.4 64

380 5.0 0.5 2.7 3.7 8.5 3.7 7.4 1.14 2.8 63

400 5.5 0.4 2.7 3.4 6.9 3.4 6.2 1.11 2.4 61

420 5.5 0.4 1.3 3.3 6.8 3.3 6.0 1.12 2.3 62

440 5.8 0.4 1.7 3.6 6.9 3.6 6.2 1.11 2.4 61

460 5.8 0.4 1.7 2.8 5.6 2.8 4.8 1.15 1.8 63

480 5.8 0.4 1.7 2.7 5.4 2.7 4.7 1.15 1.7 64
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500 6.2 0.4 1.7 3.0 5.5 3.0 4.8 1.14 1.8 63

520 6.3 0.4 2.6 3.5 6.2 3.5 5.5 1.12 2.1 62

540 6.3 0.4 2.6 2.2 4.1 2.2 3.5 1.19 1.2 66

560 6.3 0.4 2.6 0.9 2.0 0.9 1.4 1.44 0.3 80

Present(pre-industrial) 3.74k 0.8l 3.2l 10.7 e,m 3.2 3.34n 2.43F0.12n

15.5o 8.56g,m 1.81p 57 to 81q

Note that the concentration of carbon in present day runoff varies due to uncertainties of runoff rate and carbon burial rate.
a Estimated global runoff rate for the Phanerozoic (Tardy et al., 1989).
b Estimated organic carbon burial rate (excluding coal) for the Phanerozoic (Berner and Canfield, 1989).
c Reconstructed carbonate burial rate for the Phanerozoic (Mackenzie and Morse, 1992).
d Reconstructed carbonate burial rate for the Phanerozoic (Berner, pers. comm., 2004).
e Calculated concentration of C in rivers to match burial [(column 3+5)/column 2].
f Input of Ca needed to match burial of CaCO3.
g Calculated [Ca2+] of rivers, assuming no other sources for deposition (column 7/column 2).
h Mole ratio of buried C (sum of columns 3 and 5) and Ca (column 5).
i Calculated deficit of Ca in rivers, assuming no other source of Ca to the ocean and pre-industrial DIC/Ca ratio of 1.81.
j Percentage of Ca supplied by rivers.
k Meybeck (1979), Drever (1988).
l Milliman (1993), Mackenzie et al. (2004), Lerman and Mackenzie (2004).
m (Column 3+5)/Column 2=10.7�10�4 mol C/kg; Column 5/Column 2=8.56�10�4 mol C/kg.
n Drever (1988), Berner and Berner (1987).
o DIC 32�1012 and DOC reactive 26�1012 mol C/yr in pre-industrial river flow (Ver et al., 1999).
p Column 6/Column 8=1.81.
q Berner and Berner (1996), Ca in river input as a fraction of CaCO3 sediment storage.

R
.E
.
L
o
ckla

ir,
A
.
L
erm

a
n
/
C
h
em

ica
l
G
eo
lo
g
y
2
1
7
(2
0
0
5
)
11
3
–
1
2
6

1
2
3



R.E. Locklair, A. Lerman / Chemical Geology 217 (2005) 113–126124
atmosphere. Because of this CO2 loss, input of

carbon to the surface ocean must by slightly greater

than the mass of carbon removed into sediments or,

otherwise, there would be a long-term depletion of

carbon from the oceanic reservoir. These estimates

do not support the hydrothermal source of Ca as a

lead driver for changes in the degree of carbonate

saturation through Phanerozoic time. The calculation

places an upper limit of Ca contribution from

hydrothermal circulation at spreading zones at

roughly 30–40% of estimated carbonate burial rates.

Modern riverine values and ratios of DIC/Ca vary

between drainage basins and they depend on source

lithology, with typical average values: crystalline

rock=2.46; volcanic rock=3.69; sedimentary

rock=2.19 (Berner and Berner, 1987).

Some uncertainties in the forcing and input data

used in this paper should be mentioned. First, the

marine surface temperatures of Wallmann (2001,

2004) are, as the author points out, derived from

y18OPDB values of biogenic carbonate that are not

well constrained, bathymetrically or latitudinally. The

reported values are thus likely to reflect near-bottom

shallow-ocean temperatures at low latitudes. The

lower temperature values of the Middle Mesozoic

should also be noted. Second, hypothesized varia-

tions in seafloor spreading rate through time,

specifically over the last 180 million years, have

been called into question (Rowley, 2002) with

significant implications for the estimated input of

Ca from hydrothermal circulation, and atmospheric

and oceanic concentrations of carbon dioxide and

carbonate species. Finally, calculations of paleo-

accumulation rates and storage of inorganic and

organic carbon through time are also subject to

uncertainties. Preserved volumes of ancient sedi-

ments and their geochemical signatures provide some

evidence for carbon storage and accumulation histor-

ies, but, nevertheless, we compare our model results

with the results of other models. Certainly, more

primary data are needed to improve this and other

models. Despite these uncertainties, the model in this

paper, although certainly simplistic given the com-

plexities of the system, attempts to arrive at gross

carbonate chemistry of Phanerozoic surface oceans

based on equilibration of these waters with respect to

paleo-PCO2
, surface water temperatures, and riverine

input from land as reported in the literature.
6. Conclusions

The model of surface ocean chemistry and input

fluxes presented in this paper is based on two

forcings, for which there is a fair degree of confidence

(temperature, PCO2
). Less well-known parameters,

such as salinity, are kept at their present value in the

model. The results indicate that: (1) surface waters

equilibrated with atmospheric PCO2
, as reconstructed

by Berner and Kothavala (2001), and at reconstructed

temperatures (Wallmann, 2004), are calculated as

undersaturated with respect to calcite and aragonite

for portions of the Paleozoic and Mesozoic, assuming

constant alkalinity; (2) elevated alkalinities during

modeled periods of undersaturation would maintain

supersaturation of ocean water with respect to calcite

without modification of the two external forcings; (3)

changes in either hydrothermal circulation rate or

atmospheric carbon dioxide concentration are unlikely

to have forced observed calcite–aragonite oscillations

unilaterally; in light of our results and other studies,

both mechanisms likely played a role; and (4) within

the uncertainties of ancient carbon weathering and

burial fluxes, the necessary fluxes of C and Ca needed

to maintain supersaturation and burial rates can be

reconstructed. However, continental weathering and

supply of Ca may be an underappreciated mechanism

for satisfying the oceanic conditions of carbonate

deposition.

The periods when the computed alkalinity had to

be higher than at present are roughly coincident

with other investigators’ periods of calculated

higher Ca2+-ion concentration in ocean water

(Stanley and Hardie, 1998), salinity (Hay and

Wold, 1997), and continental runoff to the oceans

(Tardy et al., 1989). Salinity changes, though

difficult to reconstruct for the past, are potentially

important because of their effect on the solubility

of gases and carbonate equilibria in ocean water.

Other authors have also reported oceanic models

(e.g., Pearson and Palmer, 2000; Zeebe, 2001) that

call upon alkalinity changes for portions of the

Phanerozoic. Although variations in either PCO2
or

seawater [Ca2+], specifically MOR-derived, would

have had a significant impact on carbonate satu-

ration states, our results do not support either one

as an exclusive forcing factor. A more integrated

explanation of Phanerozoic calcite–aragonite oscil-
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lations that includes variability in [Ca2�] and total

alkalinity via both riverine and hydrothermal flux

dynamics that is correlative and consistent with

changes in atmospheric carbon dioxide partial

pressures is favored. Continental weathering of

crystalline and older carbonate rocks was an

important mechanism for maintaining supersatura-

tion of surface ocean water, particularly during

times of increased carbonate storage, possibly more

important than MOR circulation. Such variations in

ocean chemistry and input fluxes that reflect the

computed degree of saturation with respect to the

CaCO3 minerals depend on the reconstructed values

of temperature and PCO2
in our model input data.

The rates of CaCO3 burial in sediments, as reported

by other investigators, do not clearly correlate with the

computed higher values of ocean-water alkalinity that

were needed to maintain supersaturation with respect

to calcite. Possibly, the carbonate burial rates were at

least to some extent dependent on the abundance of

CaCO3-secreting marine organisms or, more spec-

ulatively, alkalinity is somewhat decoupled from

nutrient availability and the links within the food

chain. Alternatively, a more vigorous hydrologic cycle

could have supplied the balancing Ca and also

delivered more (compared to the present) bicarbonate

to the oceans through elevated rates of chemical

weathering, which is consistent with hypotheses of

enhanced weathering with high atmospheric CO2

concentrations.
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Géogr. Phys. 21 (3), 217–246.

Milliman, J.D., 1993. Production and accumulation of calcium

carbonate in the ocean: budjet of a nonsteady state. Glob.

Biochem. Cycles 7, 927–957.

Mucci, A., 1983. The solubility of calcite and aragonite in seawater

at various salinities, temperatures, and one atmosphere total

pressure. Am. J. Sci. 283, 780–799.

Pearson, P.N., Palmer, M.R., 1999. Middle Eocene seawater pH

and atmospheric carbon dioxide concentrations. Science 284,

1824–1826.

Pearson, P.N., Palmer, M.R., 2000. Atmospheric carbon dioxide

concentrations over the past 60 million years. Nature 406,

695–699.

Rankama, K., Sahama, Th.G., 1950. Geochemistry. University of

Chicago Press, Chicago, IL. xvi+912 pp.

Rowley, D.B., 2002. Rate of plate creation and destruction, 180 Ma

to present. Geol. Soc. Amer. Bull. 114, 927–933.
Sandberg, P.A., 1985. Nonskeletal aragonite and PCO2
in the

Phanerozoic and Proterozoic. In: Sundquist, E.T., Broecker,

W.S. (Eds.), The Carbon Cycle and Atmospheric CO2: Natural

Variations Archaen to Present, Geophys. Mon. 32. American

Geophysical Union, Washington, DC, pp. 585–594.

Stanley, S.M., Hardie, L.A., 1998. Secular oscillations in the

carbonate mineralogy of reef-building and sediment-producing

organisms driven by tectonically forced shifts in seawater

chemistry. Palaeogeog., Palaeoclimat., Palaeoecol. 144, 3–19.

Tardy, Y., N’Kounkou, R., Probst, J., 1989. The global water cycle

and continental erosion during Phanerozoic time (570 my). Am.

J. Sci. 289, 455–483.

Tyrrell, T., Zeebe, R.E., 2004. History of carbonate ion concen-

tration over the last 100 million years. Geochim. Cosmochim.

Acta 68, 3521–3530.

Veizer, J., Ala, D., Azmy, K., Bruckschen, P., Buhl, D., Bruhn, F., et

al., 1999. 87Sr/86Sr, y13C and y18O evolution of Phanerozoic

seawater. Chem. Geol. 161, 59–88.

Ver, L.M.B., Mackenzie, F.T., Lerman, A., 1999. Biogeochemical

responses of the carbon cycle to natural and human perturba-

tions, past, present and future. Am. J. Sci. 299, 762–801.

Walker, L.J., Wilkinson, B.H., Ivany, L.C., 2002. Continental drift

and Phanerozoic carbonate accumulation in shallow-shelf and

deep-marine settings. J. Geol. 110, 75–87.

Wallmann, K., 2001. The geological water cycle and the evolution

of marine y18O values. Geochim. Cosmochim. Acta 65,

2469–2485.

Wallmann, K., 2004. Impact of atmospheric CO2 and galactic

cosmic radiation on phanerozoic climate change and the marine

y18O record. Geochemistry, Geophysics Geosystems 5 (6)

(Q06004).

Wilkinson, B.H., Walker, J.C.G., 1989. Phanerozoic cycling of

sedimentary carbonate. Am. J. Sci. 289, 525–548.

Zeebe, R.E., 2001. Seawater pH and isotopic paleotemperatures of

Cretaceous oceans. Palaeogeogr. Palaeoclimatol. Palaeoecol.

170, 49–57.

Zeebe, R.E., Wolf-Gladrow, D., 2001. CO2 in seawater, equilibrium,

kinetics, isotopes. Elsevier, Amsterdam, The Netherlands.

xiv+346 pp.

http:http://www.biogeosciences.net/bgd/1/429/
http:http://www.biogeosciences.net/bg/1/11/

	A model of Phanerozoic cycles of carbon and calcium in the global ocean: Evaluation and constraints on ocean chemistry and input fluxes
	Introduction
	Background relationships
	Model parameters
	Results
	Discussion
	Conclusions
	Acknowledgements
	References


