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[1] Carbonate saturation (zs,) and compensation (z..) depths
change with deep-ocean acidification and basification. We
present simple, explicit, mechanistic formulas for the
positions of these two critical depths. In particular z is
expressed as a function of the mean dissolved carbonate ion
concentration of the deep ocean, [COj;]p, the supply of
dissolvable CaCOs, F,, and the dissolution rate constant at
the sediment-water interface, k., which we show to be
essentially mass-transfer controlled. Calculations reveal that
Zsat and Z. are today some ~0.9 km apart and will rise and
separate by as much as 1.7 km with acidification; conversely,
if [COs]p increases, zg, and z,. will deepen, but their
separation will asymptote to ~0.7 km. Citation: Boudreau,
B. P., J. J. Middelburg, and F. J. R. Meysman (2010), Carbonate
compensation dynamics, Geophys. Res. Lett., 37, L03603,
doi:10.1029/2009GL041847.

1. Introduction

[2] Carbonate compensation refers to self-induced adjust-
ments in the deep-sea carbonic acid system via interaction
with sedimentary carbonate, also termed the oceanic
homeostat [Archer, 1996; Sarmiento and Gruber, 2006].
Three dynamic horizons in the ocean are crucial to com-
pensation [Zeebe and Westbroek, 2003], i.e., the saturation
horizon, the compensation depth, and the snow line, all
defined later. The position and time evolution of these
horizons is needed to predict the fate of CO,, both natural
and anthropogenic, in the oceans and to interpret the
geological record in oceanic sediments [Broecker, 2009].
Forecast/hindcast of these positions has suffered from
unclear or multiple meanings of these horizons; this paper
provides clear definitions and simple formulas for these
horizons for use in predictive models and for paleoceano-
graphic studies.

2. Definitions and Formulas

[3] The calcite saturation depth, z., occurs where the
oceans first become undersaturated with respect to this
mineral. (Aragonite is ignored, henceforth, as a minor
complication.) z.. is depth-dependent because the solubility
of calcite increases with pressure and decreases with temper-
ature. A simplified depth/pressure-dependent fit (Figure 1)
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of the solubility data for calcite from Mucci [1983], with
pressure corrections from Millero [1995], produces the
following formula for the carbonate ion concentration at

saturation, Cg,,
KO
: p(z)
Cot = = 1
w=cqoe(%) W

where p(z) is the gauge pressure (atm) at depth z (km),
[Ca] is the dissolved calcium (Ca*") concentration, taken as
0.010282 M (moles dm>), K&, = 4.35 x 1077 M? is the
average solubility product of calcite at the ocean surface,
and p. = 511 atm, which is a characteristics pressure. If the
deep-ocean carbonate ion concentration, [COs]p, is as-
sumed constant below the pycnocline, as currently occurs in
the oceans, then equation (1) can be inverted explicitly for

Zeat, 1.€.,
Zsat = Pe In [Ca] [CO3]D ()
pg KS,

where p is the mean seawater density and g is the
accelaration due to gravity (pg ~ 100 atm/km). In past
models, zg, has been calculated implicitly [e.g., Sundquist,
1990; Merico et al., 2008; Tyrell, 2008]. Calculation of z,
is also possible if [CO5]p is a function of depth, but that
dependence must be known and a more complex equation
will result; furthermore, while our emphasis here is on a
mean ocean, one could also generate a form of equation (2)
for a specific basin by employing the local temperature
profile and an appropriate [CO;]p depth-function.

[4] The carbonate compensation depth is defined in two
ways. The geochemical compensation depth, z., is the
depth where dissolution at the sediment-water interface
exactly balances the rain of CaCOj3 from above, such that
none accumulates [Schink and Guinasso, 1977; Takahashi
and Broecker, 1977; Tyrrell, 2008]. The geological com-
pensation depth, 7284 occurs where the CaCO; content of
sediments drops to ~10% of solids, due again to dissolution
[Kennett, 1982; Morse and Mackenzie, 1990; Broecker,
20091].

[5] Previously z. has been computed laboriously by
modelling the calcite content of sediments with ocean depth
using diagenetic models [e.g., Schink and Guinasso, 1977,
Takahashi and Broecker, 1977; Sundquist, 1990; Archer
and Maier-Reimer, 1994; Ridgwell and Hargreaves, 2007].
These models predict that the zone of dissolution in the
sediment is on-the-order-of a few millimeters at most. This
extreme attenuation indicates that dissolution could be well
approximated as a reaction at the sediment-water interface
alone. Consequently, to write a formula for z.., one balances
input and dissolution at this interface. As a first step, if F is
the net amount of CaCOj that falls into the deep sea and
reaches the bottom, i.e., the CaCOj3 input below ~2000 m
[Berelson et al., 2007], and Ap is the area of the deep ocean

1of5


http://dx.doi.org/10.1029/2009GL041847

L03603

1.610°

K_ =4.3513x107 ®0%19%89P)
sp

1410° L
RZ

=0.999
1.210° L

110 |

. 2
Ksp (Calcite) (M°)
[ee]
3

0 100 200 300 400 500 600 700
Pressure (Atm)

Figure 1. Plot of the solubility product, K, of calcite as a
function of pressure, adjusted to an idealized, mean ocean
temperature profile. The solid curve is an exponential fit to
the relationship found by Mucci [1983] and Millero [1995],
given as the dotted line. The exponential provides an
excellent fit, but there are small over-predictions below
100 atm and above 550 atm.

below this same depth, then the average input per unit area
of seafloor (the rain) is simply the quotient F/Ap.

[6] Next, we need to specify the calcite dissolution rate,
which has been modeled as a high-order function of the
undersaturation [e.g., Keir, 1980]. Hales and Emerson
[1997] have argued instead that the order is linear, if the
correct solubility is employed. We also employ linear
kinetics, but for a different reason.

[7] Most experimental studies of CaCO; dissolution,
including Keir [1980], deal with dissolution of suspended
calcite, which is not directly applicable to the seafloor
because of vastly different mass-transfer characteristics.
Keir [1983] dissolved beds of natural carbonate-bearing
sediments in a reaction chamber with a rotating mixer,
and he interpreted his data as consistent with high order
of reaction. However, plots of the product Cg, (1 — 2) b,
where 2 = [CO3]p/Cqsae and b = fraction of CaCOj in
sediment, versus his rates of CO3 release are decidedly
linear (see Figure S1) except for two, which are simply
scattered. This observed linearity applies to the seafloor.'

[8] The balance of carbonate rain and dissolution at z is
then given as

F

A ke (Csat(zcc) - [CO3]D) =0 (3)
D
where k. is the heterogeneous rate constant for dissolution
at the sediment-water interface, with units of length per unit
time, and Cg,(z.) is the CO3 saturation concentration at z.
Equation (1) can be substituted into equation (3) to obtain
an explicit equation for z..:

Zee = (4)

Pe ln< F. [Ca]

 [cal[coy],
pe " \KG, Ak,

0
KO

'Auxiliary materials are available in the HTML. doi:10.1029/
2009GL041847.
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This expression shows that z.. is always larger than zg,
because the first term within the logarithm is always
positive. If [COs]p is a known function of depth, an
expression for z.. can still be obtained, but of a different
form. Equations (2) and (4) hold for both steady state and
transient conditions.

[o] One consequence of equations (3) and (4) is that there
is no “tailing” of the predicted CaCOj; content of sediments
with ocean depth [e.g., Broecker, 2009, Figure 6]; the tail
results from either a small recalcitrant calcite component or
the preserving effect of bioturbation [Schink and Guinasso,
1977]. However, the tail contains far less than 1% of the
CaCOj; flux and, as such, can be ignored when considering
global, rather than local, carbonate dynamics.

[10] The snow line [Zeebe and Westbroek, 2003], Zsnow» @
third critical depth occurs where no solid calcite can be
found in the sediment due to dissolution. z.. and z,,, are
identical at steady state. The position of a transient snow-
line depends on the amount of calcite in the sediments and
the history of [CO;]p. If deep-sea sediments are essentially
well mixed with respect to CaCOj [e.g., Schink and
Guinasso, 1977; Takahashi and Broecker, 1977], then zg,ow
is obtained from calcite mass balance for the sediment,
which is, at constant calcite rain,

F.
b(zsn0W7 O)L(anow) + (A_ - kccsat(zsnow)) T
D

T

+ke [ (€Ot =0 (s)
/

where b(z, 7) is the concentration of dissolvable CaCOj in
the sediment at water depth z after elapsed time 7 (which is
a function of water depth), L(z) is the depth in the sediment
over which PDC can ultimately be dissolved [Takahashi
and Broecker, 1977]. The elapsed time 7 is the time since
Z.. was at the chosen depth z. The product b(z, 7)L(z) is
the standing stock of dissolvable calcite at ocean depth z.
L(z) is a function of the amount of CaCOj; and clay in
sediments [see Archer et al., 1998]. Equation (5) is contingent
on knowing the chemical history, [CO3]p(t), to resolve the
integral. An equation similar to equation (5) can be written to
calculate the geological compensation depth, z:¢, again
given an appropriate COj history.

[11] Finally, another common term, the lysocline, was
originally the subjective depth where dissolution of CaCO3
became apparent in the sediment [Kennett, 1982]. Archer
[1991] attempted to quantify this definition by stating that
the lysocline occurs where the CaCO; content drops below
80%. Morse and Berner [1972] argued from dissolution
experiments that the lysocline instead reflected a change in
the mechanism of dissolution at some critical degree of
undersaturation, but Figure S1 suggests no such change in
mechanism. Broecker and Peng [1982] and Burdige [2006]
believe that the lysocline is equal to zg, in which case
equation (2) would be its predictor. However, it is possible,
even likely, that the lysocline reflects (in part) the depth at
which metabolically-driven dissolution of CaCOj; within
sediments [Emerson and Bender, 1981; Jahnke et al., 1994]
produces visually obvious effects on tests. Metabolically-
driven dissolution occurs when CO, from oxic organic
matter decay causes the local state of saturation of pore-
waters within sediments to drop below the solubility of
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Figure 2. Dependence of z.. and zg, on the values of the parameters [COs]p, k. and F.. (a) The dependence on [COs]p for
fixed F, and k.. The separation distance of z.. and zg, increases with falling [CO3]p from about 0.9 km under today’s
conditions to about 1.7 km at 0.045 mM; the right hand axis is the ration of zg, to z... (b) The dependence of z.. on k.. The
line Q = 1 is the saturation horizon, z,. Results for three values of F, (10° Gmol yfl) and the pre-industrial [COs]p
[Broecker, 2003] are illustrated. The hatched area covers k. values that are not physically possible if the mean bottom shear
velocity is 0.1 cm s~ [Wimbush, 1976]; this limit can shift if the mean bottom shear velocity is altered. The orange dotted
vertical line indicates the value for k. calculated by Boudreau et al. (submitted manuscript, 2009). (c) The dependence of z..

on F, for two k. values (cm yfl) and today’s [CO;]p.

calcite. This process is largely independent of the saturation
state of the overlying waters, and it, in no way, alters the
formulas and dynamic depths discussed above.

3. Computation of Saturation and Compensation
Depths

[12] We now examine z. and zg as functions of the
controlling parameters, i.e., [CO3]p, F. and k.. The current/
pre-industrial [CO3]p can be taken as constant below
~1500 m [Key et al, 2004] at a value of 0.09 mM
[Broecker, 2003; B. P. Boudreau et al., Ongoing transients
in carbonate compensation, submitted to Global Biogeo-
chemical Cycles, 2009]. The total rain of calcite, F, is
between 20—60 x 10° Gmol y ™' [Archer, 1996; Sarmiento
and Gruber, 2006; Berelson et al., 2007], and we will
examine solutions within that range.

[13] The unknown parameter in equation (4) is k., and
Broecker [2009] has recently bemoaned this uncertainty. A
k. from on Keir [1983] is inappropriate because (1) the
dependence of k. on circulation velocity is unknown for that

experiment, (2) a cylindrical reactor with an impeller system
does not simulate the seafloor because of secondary flows
[Brostrom and Nilsson, 1999], and (3) Keir’s experiment
simulates transient dissolution of a bed of pre-existing
CaCOs. In a separate contribution (i.e., Boudreau et al.,
submitted manuscript, 2009), we have coupled our equa-
tions to a box model of the oceans and extracted a value for
ke of 700 cm y~! for steady state (pre-industrial) conditions
at the seafloor.

[14] To provide context for this k. value, dissolution
cannot occur faster than the limit placed by transport across
the benthic boundary layer. A theoretical value of the mass-
transfer coefficient is given by kp = 0.0671 u« Sc™ "
[Boudreau, 2001], where u- is the mean shear velocity at
the ocean bottom and Sc is the Schmidt number, about 3900
for carbonate/calcium ions. Wimbush [1976] states that ux«
has a mean value of about 0.1 cm s~ ', which gives ky =
965 ¢cm y~'. Consequently, k. from fitting the oceanic
carbonate system and kr differ only by 38%, and this
concurrence suggests that CaCO; dissolution at the seafloor
is largely controlled by mass transfer, rather than intrinsic
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kinetics. Schink and Guinasso [1977] and Takahashi and
Broecker [1977] have previously advanced a role for mass
transfer in controlling benthic CaCOj dissolution, but we go
further and argue that mass transfer at the interface is the
dominant factor.

[15] Figures 2a—2c plot zg, and z. as functions of
[COs]p, F. and k.. Clearly, zs, and z.. are not at the same
depth. With a present-day/pre-industrial [CO3]p 0f 0.09 mM,
Figure 2a indicates a separation of ~0.9 km. This distance
increases rapidly as [CO;]p decreases, potentially reaching
~1.7 km if [COz]p is approximately 0.045 mM, which is
anticipated within the next 2000 years [Ridgwell and
Hargreaves, 2007]. If, however, [COs]p increases, as in
the geological past, the distance between zg,, and z.. will
asymptote to ~0.68 km, or a ratio of about 0.9. Thus, the
assumption of a constant separation when the z.. is deep-
ening from its present position is correct.

[16] Figure 2b illustrates the dependence of z.. on k.. The
position of z.. is crucially dependent on the value of this
parameter, i.e., small drops (bottom-water stagnation) will
result in large increases in z.. However, if k. increases
towards the pure mass-transfer value, z.. will shift to the
saturation horizon. Over the range of F. values currently
thought to apply in the oceans, Figure 2¢c shows that z . is a
linear function of the rain rate, with a modest slope; thus, z
changes only in a limited way if the calcite rain remains
with that range; that said, it should be realized that these
calculations are made with [CO5]p fixed, while in reality z
can shallow, rather than deepen with increasing F. because
the compensation mechanism lowers [COs]p.

[17] The results in Figure 2 have implications not only to
the current acidification of the oceans, but also to the
interpretation of the geological record in terms of paleo-
ceanographic conditions. The depths zg, and z.. are often
equated in modeling and in reconstructions of past excur-
sions of the carbonate compensation horizon [e.g. Merico et
al., 2008; Roberts and Tripati, 2009], while our formulas
predict that they are at least ~0.7 km apart. At steady state,
obtained on a 10° y time scale [Archer et al., 1998], z.. and
729 should be equal, and this then implies a separation
between zg, and 25 of between ~0.7 to ~2 km (Figure 2),
much greater than the ~250 m uncertainty in global
reconstructions of the z5¢ record [Roberts and Tripati,
2009]. Moreover, the difference between zg, and z. is
highest during periods of rapidly increasing atmospheric
carbon dioxide, such as the Anthropocene, the Paleocene-
Eocene Thermal Maximum [Zeebe et al., 2009] and glacial
to interglacial transitions, consistent with Munhoven [2007].
During periods of ocean de-acidification, such as the
Eocene-Oligocene transition [Merico et al., 2008], zs, and
Z.. deepen and their separation asymptotes.

4. Conclusions

[18] Two horizons important to the mathematical/theoret-
ical description of carbonate dynamics in the oceans, i.c.,
the saturation horizon, zg,, and the geochemical carbonate
compensation depth, z., can be calculated via equations (2)
and (4), respectively. At steady state, z.. can be considered
to be first-order predictor for the operational/data-defined
geological compensation depth, z&¢.
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[19] The distance between zg, and z is not fixed, but a
function of the deep-water carbonate ion concentration,
[COs]p, the input of calcite, F., and the dissolution rate
constant, k.. Acidification causes these horizons to rise and
to separate, whereas, a higher carbonate ion concentration
causes deepening and the difference between these depths to
asymptote to about 0.68 km (or a ratio of 0.9). In transient
situations, 59 will lag the movement of z, but approach
this latter depth as a steady state is established.

[20] Our analysis further indicates that CaCOj; dissolution
at the seafloor is (largely) mass-transfer controlled, based on
the dissolution rate constant derived by Boudreau et al.
(submitted manuscript, 2009).

[21] Acknowledgments. This research was funded by the Natural
Sciences and Engineering Research Council of Canada, the Netherlands
Organization for Scientific Research, and the EU (European Project on
Ocean Acidification). We thank Bob Berner, Ken Caldeira, Robin Keir,
Fred Mackenzie, Robert Moore, Greg Raviza, Helmut Thomas, and Richard
Zeebe for critical comments on earlier versions of our manuscript. We thank
the two anonymous reviewers and Wallace Broecker for their insightful
comments. The lead author conducted part of this research while on
sabbatical at SOEST at the University of Hawai’i at Manoa, a sojourn that
would not have been possible without the aid of Kathleen Ruttenburg.

References

Archer, D. E. (1991), Equatorial Pacific calcite preservation cycles: Produc-
tion or dissolution?, Paleoceanography, 6, 561-571, doi:10.1029/
91PA01630.

Archer, D. E. (1996), A data-driven model of the global calcite lysocline,
Global Biogeochem. Cycles, 10(3), 511-526, doi:10.1029/96GB01521.

Archer, D., and E. Maier-Reimer (1994), Effect of deep-sea sedimentary
calcite preservation on atmospheric CO, concentration, Nature, 367,
260-263, doi:10.1038/367260a0.

Archer, D., H. Kheshgi, and E. Maier-Reimer (1998), Dynamics of fossil
fuel CO, neutralization by marine CaCOj3, Global Biogeochem. Cycles,
12(2), 259-276, doi:10.1029/98GB00744.

Berelson, W. M., W. M. Balch, R. Najjar, R. A. Feely, C. Sabine, and
K. Lee (2007), Relating estimates of CaCO; production, export, and dis-
solution in the water column to measurements of CaCOs rain in sediment
traps and dissolution on the sea floor: A revised global carbonate budget,
Global Biogeochem. Cycles, 21, GB1024, doi:10.1029/2006GB002803.

Boudreau, B. P. (2001), Solute transport above the sediment-water inter-
face, in The Benthic Boundary Layer: Transport Processes and Biogeo-
chemistry, edited by B. P. Boudreau and B. B. Jergensen, pp. 104126,
Oxford Univ. Press, Oxford, U. K.

Broecker, W. S. (2003), The oceanic CaCOj; cycle, in Treatise on Geochem-
istry, vol. 6, edited by H. Elderfield, pp. 529—549, Elsevier, London.
Broecker, W. S. (2009), A need to improve reconstructions of the fluctua-
tions in the calcite compensation depth over the course of the Cenezoic,

Paleoceanography, 23, PA1204, doi:10.1029/2007PA001456.

Broecker, W. S., and T.-H. Peng (1982), Tracers in the Sea, 690 pp.,
Eldigio, Palisades, N. Y.

Brostrom, G., and J. Nilsson (1999), A theoretical investigation of the
diffusive boundary layer in benthic flux chamber experiments, J. Sea
Res., 42, 179-189, doi:10.1016/S1385-1101(99)00031-3.

Burdige, D. J. (2006), Geochemistry of Marine Sediments, 609 pp., Princeton
Univ. Press, Princeton, N. J.

Emerson, S., and M. Bender (1981), Carbon fluxes at the sediment-water
interface of the deep-sea: Calcium carbonate preservation, J. Mar. Res.,
39, 139-162.

Hales, B., and S. Emerson (1997), Evidence in support of first-order dis-
solution kinetics of calcite in seawater, Earth Planet. Sci. Lett., 148,
317-327, doi:10.1016/S0012-821X(97)00017-4.

Jahnke, R. A., D. B. Craven, and J. F. Gaillard (1994), The influence of
organic matter diagenesis on CaCOj; dissolution at the deep-sea floor,
Geochim. Cosmochim. Acta, 58, 2799-2809, doi:10.1016/0016-
7037(94)90115-5.

Keir, R. S. (1980), The dissolution kinetics of biogenic calcium carbonates
in seawater, Geochim. Cosmochim. Acta, 44, 241-252, do0i:10.1016/
0016-7037(80)90135-0.

Keir, R. S. (1983), Variation in the carbonate reactivity of deep-sea sedi-
ments: determination from flux experiments, Deep Sea Res., Part A, 30,
279-296, doi:10.1016/0198-0149(83)90011-0.

Kennett, J. P. (1982), Marine Geology, 1st ed., 813 pp., Prentice Hall,
Englewood Cliffs, N. J.

4 of 5



L03603

Key, R. M., A. Kozyr, C. L. Sabine, K. Lee, R. Wanninkof, J. L. Bullister,
R. A. Feely, F. J. Millero, C. Mordy, and T.-H. Peng (2004), A global
ocean carbon climatology: Results from Global Data Analysis Project
(GLODAP), Global Biogeochem. Cycles, 18, GB4031, doi:10.1029/
2004GB002247.

Merico, A., T. Tyrrell, and P. A. Wilson (2008), Eocene/Ologocene ocean
de-acidification linked to Antarctic glaciation by sea-level fall, Nature,
452, 979-982, doi:10.1038/nature06853.

Millero, F. (1995), Thermodynamics of the carbon dioxide system in the
oceans, Geochim. Cosmochim. Acta, 59, 661—677, doi:10.1016/0016-
7037(94)00354-0.

Morse, J. W.,, and R. A. Berner (1972), Dissolution kinetics of calcium
carbonate in sea water: 1I. A kinetic origin for the lysocline, Am. J.
Sci., 272, 840—851.

Morse, J. M., and F. T. Mackenzie (1990), Geochemistry of Sedimentary
Carbonates, Dev. Sedimentol., vol. 48, 707 pp., Elsevier, Amsterdam.
Mucci, A. (1983), The solubility of calcite and aragonite in sea water at
various salinities, temperatures, and one atmosphere total pressure, Am. J.

Sci., 238, 780—799.

Munhoven, G. (2007), Glacial-interglacial rain ratio changes: Implications
for atmospheric CO, and ocean-sediment interactions, Deep Sea Res.,
Part II, 54, 722746, doi:10.1016/j.dsr2.2007.01.008.

Ridgwell, A., and J. C. Hargreaves (2007), Regulation of atmospheric CO,
by deep-sea sediments in an Earth system model, Global Biogeochem.
Cycles, 21, GB2008, doi:10.1029/2006GB002764.

Roberts, C. D., and A. K. Tripati (2009), Modeled reconstructions of the
oceanic carbonate system for different histories of atmospheric carbon
dioxide during the last 20 Ma, Global Biogeochem. Cycles, 23, GB1011,
doi:10.1029/2008GB003310.

Sarmiento, J. J., and N. Gruber (2006), Ocean Biogeochemical Dynamics,
503 pp., Princeton Univ. Press, Princeton, N. J.

BOUDREAU ET AL.: CARBONATE COMPENSATION DYNAMICS

L03603

Schink, D. R., and N. L. Guinasso Jr. (1977), Modeling the onfluence of
bioturbation and other processes on carbonate dissolution on the sea
floor, in The Fate of Fossil Fuel CO; in the Oceans, edited by N. R.
Anderson and A. Malahoff, pp. 375-399, Plenum, New York.

Sundquist, E. T. (1990), Influence of deep-sea benthic processes on atmo-
spheric CO,, Philos. Trans. R. Soc. London, Ser. A, 331, 155—165,
doi:10.1098/rsta.1990.0062.

Takahashi, T., and W. S. Broecker (1977), Mechanisms for calcite dissolu-
tion on the sea floor, in The Fate of Fossil Fuel CO; in the Oceans, edited
by N. R. Anderson and A. Malahoff, pp. 455—-477, Plenum, New York.

Tyrrell, T. (2008), Calcium carbonate cycling in future oceans and its
influence on future climates, J. Plankton Res., 30, 141—156, doi:10.1093/
plankt/fom105.

Wimbush, M. (1976), The physics of the benthic boundary layer, in The
Benthic Boundary Layer, edited by 1. N. McCave, pp. 3—10, Plenum,
New York.

Zeebe, R. E., and P. A. Westbroek (2003), A simple model for the CaCO;
saturation state of the ocean: The “Strangelove,” the “Neritan,” and the
“Cretan” Ocean, Geochem. Geophys. Geosyst., 4(12), 1104, doi:10.1029/
2003GC000538.

Zeebe, R. E., J. C. Zachos, and G. R. Dickens (2009), Carbon dioxide
forcing alone insufficient to explain Paleocene-Eocene Thermal Maxi-
mum warming, Nature Geosci., 2, 576—580, doi:10.1038/ngeo578.

B. P. Boudreau, Department of Oceanography, Dalhousie University,
Halifax, NS B3H4J1, Canada. (bernie.boudreau@dal.ca)

F. J. R. Meysman, NIOO-KNAW, Centre for Estuarine and Marine
Ecology, N-4401 NT Yerseke, Netherlands. (f. meysman@nioo.knaw.nl)

J. J. Middelburg, Geochemistry, Faculty of Geosciences, University of
Utrecht, Utrecht, Netherlands. (J.Middelburg@geo.uu.nl)

5of5




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


