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Decreased CaCO3 content of deep-sea sediments argues for rapid and massive acidification of the oceans 
during the Paleocene–Eocene Thermal Maximum (PETM, ∼56 Ma BP). In the course of the subsequent 
recovery from this acidification, sediment CaCO3 content came to exceed pre-PETM levels, known as 
over-shooting. Past studies have largely attributed the latter to increased alkalinity input to the oceans 
via enhanced weathering, but this ignores potentially important biological factors. We successfully 
reproduce the CaCO3 records from Walvis Ridge in the Atlantic Ocean, including over-shooting, using 
a biogeochemical box model. Replication of the CaCO3 records required: 1) introduction of a maximum 
of ∼6500 GtC of CO2 directly into deep-ocean waters or ∼8000 GtC into the atmosphere, 2) limited 
deep-water exchange between the Indo-Atlantic and Pacific oceans, 3) the disappearance of sediment 
bioturbation during a portion of the PETM, and 4) most central to this study, a ∼50% reduction in 
net CaCO3 production, during acidification. In our simulations, over-shooting is an emergent property, 
generated at constant alkalinity input (no weathering feedback) as a consequence of attenuated CaCO3
productivity. This occurs because lower net CaCO3 production from surface waters allows alkalinity to 
build-up in the deep oceans (alkalinization), thus promoting deep-water super-saturation. Restoration 
of CaCO3 productivity later in the PETM, particularly in the Indo-Atlantic Ocean, leads to greater 
accumulation of CaCO3, ergo over-shooting, which returns the ocean to pre-PETM conditions over a time 
scale greater than 200 ka.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Paleocene–Eocene Thermal Maximum (PETM), a transient 
climate-warming event that began ∼56 Ma, has generated in-
tense research interest. Over a geologically brief interval (<20 kyr), 
Earth’s surface warmed by ∼6 ◦C, massive amounts of CO2 entered 
the ocean and atmosphere, and ecosystems, both terrestrial and 
marine, changed dramatically (McInerney and Wing, 2011). The 
PETM seemingly provides our best past example for understanding 
future ocean acidification (Zachos et al., 2005; Zeebe and Ridgwell, 
2011).

The calcite snowline delineates the ocean depth where sedi-
ments are first CaCO3 free (Zeebe and Westbroek, 2003; Boudreau 
et al., 2010a). Sedimentary records indicate that, prior to the PETM, 
the calcite snowline was positioned >4200 m paleo-depth in the 
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south-central Atlantic and near 3400 m in the Pacific (Zeebe et 
al., 2009; Cui et al., 2011). The onset of the PETM was marked 
by a transient decrease in the CaCO3 content of bottom sediments 
and a rise in the snowline in the Atlantic by at least 2000 m, 
while the Pacific snowline appears to have shallowed by <500 m. 
These adjustments have been attributed to significant CO2 input to 
the oceans over a period of many millennia (Dickens et al., 1997;
Zachos et al., 2005; Ridgwell, 2007; Zeebe and Zachos, 2007;
Zeebe et al., 2009; Cui et al., 2011; McInerney and Wing, 2011;
Zeebe and Ridgwell, 2011), as well as changes in circulation (Zeebe 
et al., 2009). The origin of the CO2, which was depleted in 13C, has 
been attributed to various sources, including oxidation of methane 
in the ocean (Dickens et al., 1995), or the oxidation of organic 
matter on land (e.g., DeConto et al., 2012).

Irrespective of source, massive injection of CO2 into the ocean-
atmosphere system caused increased dissolution of biogenic CaCO3
at and within the seafloor:

CaCO3 + CO2 + H2O → Ca2+ + 2HCO−
3 (1)
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Fig. 1. Plots of the recorded CaCO3 time series (data) at Walvis Ridge sites at 1500 m paleo-depth (1263), 2600 m paleo-depth (1265, 1266) and 3600 m paleo-depth (1262, 
1267) presented in Zeebe et al. (2009). Panels A, B and C show the results of the Ridgwell (2007) model, and Panels D, E and F display the results from the Zeebe et al.
(2009) model.
This additional CaCO3 dissolution neutralized the added CO2, re-
turning oceanic chemistry towards its original state, a process 
classically termed carbonate/calcite compensation (Zeebe and West-
broek, 2003; Boudreau et al., 2010a). Compensation is recorded as 
a temporal drop in the CaCO3 content of sediments at a given 
(paleo-)oceanographic depth, and a consequent rise in the snow-
line depth with time.

Available CaCO3 records indicate that after initial shallowing, 
the PETM snowline at Walvis Ridge (south-central Atlantic) – Fig. 1
– must have moved downward substantially, termed over-shooting
(also sometimes called over-deepening). The exact position of the 
snowline is not preserved in available records and can only be in-
ferred. The Walvis Ridge PETM records (Zachos et al., 2005) show, 
for example, that at 1500 m paleo-depth, CaCO3 was 88% pre-
PETM, but reached 91% by 110 ka after PETM onset (ka PO, here-
after), while at 2600 m, the change was from 83.5% to 92%, and 
that at 3600 m was from 75% to 92%. The preservation of com-
ponents within this biogenic carbonate shows that over-shooting 
represents enhanced preservation (Kelly et al., 2010) and im-
plies substantial deepening of the snowline. The Pacific snowline 
may also have exhibited minor over-shooting, as observed in the 
records of CaCO3 and planktonic foraminifera at ODP Site 1215 
(Leon-Rodriguez and Dickens, 2010). The snowlines then appear to 
have returned to pre-PETM positions over a period >200 ka.

Biogeochemical modeling offers a means to investigate and test 
hypotheses about the causes of these phenomena, e.g., Dickens 
et al. (1997), Ridgwell (2007), Panchuk et al. (2008), Kump et al.
(2009), and Zeebe et al. (2009). These models have contributed 
fundamentally to our understanding of the PETM, but they have 
not reproduced quantitatively the CaCO3 records spanning the 
PETM – see Fig. 1, as examined in detail below. Understanding 
what happened during PETM acidification requires that our hind-
casts/retrodictions account for the magnitude of the predicted drop 
in CaCO3 content with the initial acidification, (2) the timing of the 
resumption of CaCO3 deposition, and (3) as highlighted in this pa-
per, the presence of over-shooting in the period after 100 ka PO 
(Fig. 1).

A failure to hindcast the magnitude and timing of the changes 
in CaCO3 records raises questions regarding our understanding 
of the cause(s) and control(s) of PETM acidification. Likewise, a 
lack of over-shooting in a model’s results means that the iden-
tity and functioning of the recovery process in the oceans remains 
undefined. Earth System Science-based models have indeed man-
aged to hindcast over-shooting, e.g., Dickens et al. (1997), Kump 
et al. (2009), Cui et al. (2011), and Penman et al. (2016). The 
cause of over-deepening in such models is linked to increased 
weathering (Zeebe and Zachos, 2013; Penman et al., 2016), due 
to high atmospheric CO2 and temperatures (i.e., weathering feed-
back), and a resulting increased alkalinity input to the oceans. 
Other well-regarded models simply lack over-shooting altogether, 
e.g., Ridgwell (2007) and Zeebe et al. (2009) – Fig. 1.

The implicit acceptance of increased weathering/alkalinity in-
put as the cause of over-shooting is qualitatively supported by 
proxy evidence for weathering. The marine 187Os/188Os evolution 
during the PETM is characterized by a transient increase to more 
radiogenic values (Ravizza et al., 2001). It remains unclear, how-



Y. Luo et al. / Earth and Planetary Science Letters 453 (2016) 223–233 225
ever, how this signal scales quantitatively to alkalinity input, which 
leaves room for alternative explanations.

All previous modeling studies have overlooked the potentially 
important role of biology in creating or contributing to over-
shooting. Biology can significantly impact the carbonate chemistry 
of the oceans during acidification events, as seen in the model re-
sults from Zeebe and Westbroek (2003), Ridgwell and Hargreaves
(2007), and Boudreau et al. (2010b). Experimental evidence indi-
cates that the production of CaCO3 in the surface ocean will de-
crease in response to ocean acidification (e.g., Riebesell et al., 2000;
Orr et al., 2005; Riebesell, 2008; Waldbusser et al., 2014) and such 
a drop in production should lead to diminished CaCO3 export from 
the surface to the deep waters and, consequently, a decline in alka-
linity removal from the oceans, allowing its build-up. The question 
then becomes, could a reduction in net CaCO3 production con-
tribute to over-shooting?

The aim of this paper is to explore this question using a simple 
biogeochemical box model, all while employing the data in Fig. 1
to test/falsify the model output and conclusions. Our goal is not 
to disprove the weathering-alkalinity flux hypothesis, but rather to 
determine the viability of a biological alternative. Consequently, we 
simply omit weathering feedbacks and see what else can occur to 
explain the data.

2. Modeling carbonate dynamics during the PETM

2.1. Background

As stated above, the snowline is a compositional boundary 
(depth) in the oceans, separating sediments above that contain 
measurable CaCO3 (calcite) from those below that contain little 
measurable CaCO3 (Zeebe and Westbroek, 2003). In a steady state 
ocean, the snowline corresponds to the calcite/carbonate compen-
sation depth (CCD), where the rain of biogenic CaCO3 reaching 
the seafloor is exactly balanced by the rate of dissolution. The 
often encountered term lysocline was coined to designate the 
depth where foraminiferal calcite tests are first observed to ex-
hibit clearly the effects of dissolution; as explained by Boudreau et 
al. (2010a), the lysocline is then a subjective, observational feature 
that has no dynamic meaning, although it is sometimes equated 
with either the CCD or the snowline. Lysocline is not used further 
in the current paper.

The present-day snowline/CCD is geographically variable in its 
depth, broadly shallowing from the Atlantic Ocean into the Pa-
cific Ocean, which reflects the greater under-saturation of the latter 
ocean. During transient acidification (past or future), the snowline 
and CCD do not correspond (Boudreau et al., 2010a) because the 
CCD represents an interface of a dynamic balance and will shift 
upwards immediately upon acidification. In contrast, the snowline 
will only move upward as all the CaCO3 contained in the bio-
logically influenced portion of surface sediments is dissolved by 
acidification and that delay can be as much as 75 ka later than an 
upward CCD shift. Therefore, dissolution of previously deposited 
CaCO3 (carbonate compensation) slowly restores the equivalence 
of the CCD and snowline.

A major issue confronts our understanding of snowline move-
ment and CaCO3 accumulation across the PETM. Very few locations 
have been drilled where the paleo-water depth, tectonic history, 
and core recovery are amenable to reconstructing the CaCO3 snow-
line over time (Cui et al., 2011; Slotnick et al., 2015). In general, 
the available records (Fig. 1) strongly suggest a shallower overall 
snowline in the latest Paleocene relative to present-day, a shoaled 
snowline from the central Atlantic to central Pacific over much of 
the early Paleogene, similar to present-day, and amplified disso-
lution and over-shooting across the PETM in the Atlantic. While 
these “facts” have been suggested for over 15 yr, Walvis Ridge 
(Fig. 2), with multiple sites cored along a depth transect, remains 
the only location amenable to detailed modeling of CaCO3 accu-
mulation during the PETM.

2.2. Past studies

Previous modeling of CCD and snowline movements during 
PETM acidification has required an accounting of both the changing 
carbonate chemistry of the oceans and the composition of sedi-
ments with oceanographic depth. Dickens et al. (1997) first em-
ployed a carbon-cycle box model to advance that the PETM δ13C
records at ODP Sites 690 and 865 were consistent with a release 
and oxidation of ∼840 GtC from seafloor CH4 hydrate systems, 
when started with (modern) pre-industrial conditions. This car-
bon mass is too small, as realized in later works (Dickens, 2001;
Carozza et al., 2011); nevertheless, these model results do display 
a rise in carbonate saturation depth during CO2 release and sub-
sequent over-shooting. Ridgwell (2007), using the GENIE-1 model, 
determined that diminished bioturbation in deep-ocean sediments 
was necessary to explain the CaCO3-free sediments at Walvis Ridge 
in the Atlantic Ocean, in addition to CO2 release – see Fig. 1 (top 
panels). He further found that the changes in the CaCO3 record 
were more consistent with an input of 9000 GtC, rather than 
4500 GtC of CO2. Panchuk et al. (2008) used the same model to 
place a lower limit of 6800 GtC on the total CO2 release into the 
oceans, while Cui et al. (2011) again employed it to place limits 
on CO2 release between 2500 and 13000 GtC, depending on the 
nature of the source. Kump et al. (2009), again employing GENIE-
1, were able to relate over-deepening in the PETM to increased 
alkalinity input to the oceans from enhanced continental weath-
ering. Zeebe et al. (2009), using the LOSCAR model and the δ13C
record at Walvis Ridge, predicted that 3000 GtC of CO2 were re-
leased in the first 5 ka from PETM onset (ka PO, hereafter) directly 
into ocean waters from oxidized methane, followed by a release 
of 1480 GtC over the next ∼65 ka – see Fig. 1 (bottom panels). 
Penman et al. (2016) have recently modeled carbonate data at site 
U1409 and hindcast overshooting in their results from the cGENIE 
model, again driven by a weathering feedback.

Further hindcasts have been made by Alexander et al. (2015), 
based on a 3-D climate/ocean chemistry model (UVic ESCM), which 
attributes the reduced preservation in the Atlantic versus the Pa-
cific to transient build-up and release of corrosive water in the 
North Atlantic; however, that paper provides no quantitative pre-
dictions regarding CaCO3 content or snowline movement.

2.3. A new simple model

Our model (Fig. 3) is based on Boudreau et al. (2010b), which is 
an extended Harvardton–Bear three-box model of the oceans with 
an added, attached sediment reservoir. Our present model is sim-
ply two such models, one for the Indo-Atlantic and one for the 
Pacific oceans, linked together – a configuration justified below.

The choice of dividing the world’s ocean into only four boxes 
might, at first, appear to be a too coarse-grained approach. How-
ever, the earlier Boudreau et al. (2010b) model has been tested 
against the results of other box models and 3D biogeochemical 
models listed in Archer et al. (2009) for the present-day ocean 
and its future long-term acidification. Even though our model 
was found to produce highly comparable results, we recognize 
that model compatibility in today’s oceans does not guarantee the 
same for the PETM. Nevertheless, our present model can reproduce 
retrodictions of the pre-PETM oceans (Heinze and Ilyana, 2015), 
which closely resemble those in Ridgwell (2007) and Zeebe et al.
(2009), as will be seen by comparing the pre-PETM lines in Fig. 1
with our later results. We agree that our approach ignores chem-
ical differences that may have existed between the Atlantic and 
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Fig. 2. Bathymetry of the PETM oceans as reconstructed by Bice and Marotzke (2001), showing the approximate position of our proposed cut-off for deep-water exchange 
between the Indo-Atlantic and Pacific Oceans. The approximate positions of Walvis Ridge Sites 1262–1267, as well as ODP Site 690 (Maud Rise) and the Mead Stream Sites, 
are indicated on this map.
Indian Oceans or even within the Atlantic Ocean; thus, we adopt 
the position that such lateral differences will not alter the basic 
findings of our paper.

Our approach also assumes that the carbonate chemistry of the 
deep oceans and the low-latitude and high-latitude surface oceans 
can be assumed to be homogeneous, to a reasonable degree of ac-
curacy. To this point, the detailed hindcasts supplied by Heinze 
and Ilyana (2015) show fairly uniform pre-PETM ocean chemistries 
below 1000 m, with ∼20% maximum gradients between 200 and 
1000 m in the Atlantic Ocean. Adoption of our box model does not 
seem contra-indicated by this level of spatial variability. Whereas 
Heinze and Ilyana (2015) hindcast much larger variability for sur-
face water (<200 m), these surficial spatial patterns play no mate-
rial role in the issues addressed herein. We also advance that the 
primary chemical dichotomy that existed during the PETM was the 
contrast between the Indo-Atlantic and the Pacific Oceans, and that 
can be captured by a four-box ocean model.

Our model accounts for the carbonate alkalinity (CAlk) and to-
tal dissolved CO2 (�CO2) in each water box, as forced by inputs 
from the atmosphere, rivers, and sediments; as well, it calculates 
the amount of CaCO3 in sediments at every ocean depth – see 
Appendix A for details. The reactions within an ocean that af-
fect CAlk and �CO2 include net production of CaCO3 from the 
surface oceans (B) and its dissolution into the deep boxes (BD), 
which depends on the saturation level, as well as net organic mat-
ter production from the surface boxes and oxidation in the deep 
boxes (P). (The net production B is the amount of CaCO3 produced 
in shallow waters that sinks into the deep sea, sometimes called 
the export flux.) Finally, our model does not contain shallow water 
carbonates and refers only to the pelagic ocean. As such the river-
ine flux refers not to the amount actually coming down rivers, but 
the portion that reaches the pelagic ocean after shallow water pro-
cesses remove their required alkalinity. Finally, as indicated above, 
we employ the results from Heinze and Ilyana (2015) to set the 
initial chemical conditions for our own work.

3. The data and its treatment

We employed only the CaCO3 records (Fig. 1) from the Walvis 
Ridge sites (Fig. 2) for our study. Walvis Ridge provides data at dif-
ferent paleo-depths within a single geographically and geochemi-
cally contiguous area, which is not the case anywhere else where 
the PETM has been sampled. This situation permits us to fix all 
free model parameters with the CaCO3 record at one depth (we 
use the shallowest depth – 1500 m), and then make predictions 
with no parameter adjustments at the other two depths.

The common practice of applying a model to the CaCO3 data 
at a number of different, widely spaced sites across the oceans 
is highly informative with respect to establishing variability of 
parameters. For example, our available free parameters can be 
used to create correspondence between our model output and 
the CaCO3 records at Site 690 in the South Atlantic Ocean (Ap-
pendix A). Nonetheless, this procedure cannot provide falsification, 
and falsification is at the heart of our methodology. Thus, for the 
purposes of the current paper, i.e., establishing the viability of new 
mechanisms, we call on multiple-depth testing solely.

We make no direct use of carbon isotopic data in the above de-
scribed analysis, such as employed in Zeebe et al. (2009) or Cui 
et al. (2011). These data, while extremely valuable, cannot aid in 
matching the output of our model to the CaCO3 records. Our cho-
sen approach allows us to obtain the magnitude of the release 
without knowing the exact source. However, carbon isotopic data 
can be crucial in helping to identify the source of the CO2 that af-
fected the PETM, and one attempt at fitting this data is illustrated 
in Appendix A.

We do not focus on the nature of the CO2 source in the mod-
eling, but we do test the effects of where CO2 is released. This is 
because direct injection into the deep sea, such as through seafloor 
CH4 release and oxidation, could impact carbonate accumulation 
differently than direct injection into the atmosphere. If all other 
processes are fixed, this spatial dichotomy of the CO2 source pro-
duces modestly different predictions of the CaCO3 records, as 
shown in Appendix A. Consequently, the results reported here fo-
cus on those generated with deep-sea CO2 release, similarly to 
previous work (e.g., Zeebe et al., 2009).

Our box model demands ocean bathymetry to calculate the 
amount of water in each box, and a hypsographic curve to de-
termine the depth-dependent saturation state of the deep ocean 
basins, the positions of the critical carbonate depths (Boudreau et 
al., 2010a, 2010b), and the distribution of CaCO3 with depth. Bice 
and Marotzke (2001) and Herold et al. (2014) provide bathymetries 
for the PETM, but given the timing of this research, only the Bice 
and Marotzke (2001) data were available and used in our model 
(Fig. 2).

Both Bice and Marotzke (2001) and Herold et al. (2014) indicate 
significant bathymetric highs separating the western side of the 
Atlantic from the eastern side of the Pacific. Specifically, Drake Pas-
sage was closed (Scher and Martin, 2006), and while the Isthmus 
of Panama was open, it was likely only a shallow water connec-
tion; this is because, during the late Paleocene, the Caribbean large 
igneous province (LIP) was at the location of the present isthmus 
(Montes et al., 2012), and intense arc magmatism was occurring in 
this region (Wegner et al., 2011).

More interestingly, bathymetric reconstructions contain bathy-
metric highs in the Central Indian Ocean (Bice and Marotzke, 2001;
Herold et al., 2014; Baatsen et al., 2016), which would have sep-
arated the western Indo-Atlantic deep waters from the eastern 
Indo-Pacific deep-waters. The evidence for such shallow barriers 
in the Early Paleogene is compelling and comes from multiple 
sources. For example, studies of ocean drilling sites on Kergue-
len Plateau and Broken Ridge indicate that they formed a con-
tiguous, partially sub-areal, igneous province (Weis et al., 1991;
Wallace et al., 2002), slightly south of 50◦S. Two-thirds of Nine-
tyeast Ridge (north of ODP Site 757) had formed (Nobre Silva 
et al., 2013), and it was much shallower than today (Weissel et 
al., 1991). Collectively, therefore, Kerguelen Plateau, Broken Ridge, 
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Ninetyeast Ridge, and the sub-Indian continent constituted a ma-
jor separation between deep water in the Indian and Pacific basins. 
Evidence for at least partial oceanographic isolation also comes 
from neodymium isotopes of lower Paleogene sediment (Thomas et 
al., 2003; Abbott et al., 2016). These investigations show a strong 
dichotomy in Nd isotopic ratios between the Pacific (εNd = −3.5
to −5.5) and Indo-Atlantic (εNd = −8 to −10), and Abbott et al.
(2016) stress that there “may not have been substantial exchange 
of deep waters” between these basins. Although greater detail re-
garding the location of barrier(s) between these basins is an in-
triguing direction for future research, this is not of fundamental 
importance for the purposes of our modeling, as it only dictates 
the relative volume of the water in our boxes.

Nevertheless, our starting conditions (Table A1 in Appendix A 
– Supplementary material) are similar to those in Zeebe et al.
(2009), which includes the implicit assumption that the PETM cir-
culation resembled that in today’s oceans, including significant 
deep-water exchange – at least 25 Sv (Boudreau et al., 2010b). 
In addition, Ridgwell (2007) has demonstrated that bioturbation 
must severely diminish for CaCO3-free sediments to accumulate at 
shallower depths, consistent with the record of the Walvis Ridge 
sediments (Bralower et al., 2014); therefore, we allow sediment 
mixing to be strongly attenuated during the initial CO2 release, 
only to recover thereafter.

4. Results and discussion

Through model-data comparisons, a variety of failures and dis-
crepancies allow re-evaluation of past assumptions from previ-
ous models, from which emerges a new perspective of how the 
oceans functioned during the PETM. We first explored various CO2
release scenarios and amounts of water exchange between the 
Indo-Atlantic and Pacific Oceans. The pertinent aspects of these 
results are summarized in Figs. 4–7. Each of these figures shows 
our model predictions (solid curves) for the CaCO3 time series at 
the three Walvis Ridge paleo-depths (i.e., 1500, 2600 and 3600 m) 
over the first 180 ka PO as functions of the total CO2 released 
to the deep water, but fixed inter-ocean water exchange. (Note 
that the colors for the amounts of released CO2 are consistent be-
tween panels and figures, and the red line, which is in every panel, 
can be used as a reference/datum between the plots; however, to 
avoid visual congestion, not every CO2 release is replicated in every 
plot.) The four different figures arise because of different amounts 
of water exchange assumed between the Indo-Atlantic and Pacific 
Oceans (20 Sv in Fig. 4; 5 Sv in Fig. 5; 2 Sv in Fig. 6; 0 Sv, com-
plete isolation, in Fig. 7). The plotted results represent a fraction of 
the hundreds of model runs made during this study, where values 
of all parameters were varied.

Model concordance with data could not be obtained if deep-
water exchange (UT,PA and UT,AP in Fig. 3) of more than 2 Sv 
occurred between the Indo-Atlantic and Pacific Oceans; this is re-
gardless of the amount of CO2 released (i.e., from 2500 GtC to 
10500 GtC). In other words, as shown in Figs. 4–6, no model line of 
one single color approximates the data at all three depths, simulta-
neously. However, the results in Fig. 7 with no exchange between 
the Indo-Atlantic and Pacific Oceans show that the CaCO3 at the 
three paleo-depths can be well approximated by the red line in 
each of the three panels, i.e., a total release of 6500 GtC. In all 
tested cases, there remains ∼8 Sv of internal diapycnal mixing 
(UM,A in Fig. 3) within the Indo-Atlantic Ocean. We then repeated 
these calculations with initial releases of 1000 and 3000 GtC in-
stead (not shown), but produced inferior approximations to the 
CaCO3 data.

These results led us to conclude that two-way exchange be-
tween the Indo-Atlantic and Pacific Ocean basins must have been 
essentially zero during the PETM in order to explain the data and 
that the total CO2 release into deep water was (about) 6500 GtC. 
Of this total amount, 2000 GtC was released initially in the first 
5000 yr and 4500 GtC over the next 45000 yr. This two stage re-
lease is not unlike that proposed in Zeebe et al. (2009), though dif-
ferent in amounts liberated; they suggested 3000 GtC in about 5 ka 
followed by 1480 GtC over the next ∼50 ka. Furthermore, confor-
mity to the data requires the injection to be skewed geographi-
cally. Specifically, with a total release of 6500 Gt, 1000 GtC are 
discharged into the Pacific, but 5500 GtC are input into the Indo-
Atlantic. This dichotomy might relate to the proportional fraction 
of passive continental margins that might host extensive methane 
hydrates.

This estimated carbon release comes with a major caveat. Our 
model treats the ocean basins as homogeneous in composition (i.e., 
vast single boxes); however, lateral gradients could have existed, 
especially with diminished overturning circulation, such that con-
ditions at Walvis Ridge could have been more acidified than other 
locations in the Atlantic or Indian oceans, for example at Maud 
Rise in the South Atlantic. Thus, the amounts determined above 
should be considered maximum estimates of CO2 release.

We propose that the virtual lack of deep-water two-way ex-
change between the large oceans, as argued by our model results, 
was due to the presence during the PETM of a barrier to deep 
and mid circulation in the Indian Ocean, as marked as “approxi-
mate cut-off” in Fig. 2, and as described above. This type of dis-
connection would allow the Indo-Atlantic and Pacific Oceans to 
evolve differently. We offer, nevertheless, two important qualifica-
tions with respect to this interpretation of the PETM oceans. First, 
we are fully cognizant that there exist sites to the east of our pro-
posed Indian Ocean cut-off line (notably DSDP Site 213), that show 
evidence of extensive CaCO3 dissolution during the PETM (Slotnick 
et al., 2015). As remarked above, the position of the cut-off should 
be considered approximate, but the existence of a barrier (some-
where) is supported by the neodymium isotopic data. In addition, 
the (Indo-)Pacific was subject to its own, if less intense, acidifica-
tion i.e., at least 1000 GtC were input to that ocean. What we are 
then advocating, at a minimum, is a singular lack of Pacific water 
flow into the Indo-Atlantic, as any appreciable water input from 
that larger ocean creates a buffering that stops the development of 
the degree of under-saturation needed to explain the Walvis Ridge 
data.

All the results given above contain one other commonality. 
Fig. 8A shows the CaCO3 time series and our model prediction, i.e., 
blue line, at 1500 m paleo-depth at Walvis Ridge obtained with 
constant net CaCO3 production from the surface waters, i.e., BA in 
Fig. 3; that prediction never falls below 65% CaCO3. Fig. 8B illus-
trates the corresponding hindcast at 3600 m, and the mismatch of 
the blue line with the data is extreme with respect to timing and 
over-shooting. To obtain acceptable concordance at 1500 m, i.e., 
the red line, the calcite rain to the deep sea at Walvis Ridge must 
have been ∼50% lower during the first 70 ka PO, only to recover 
gradually to the initial value at about 100 ka PO. This reduced net 
productivity has already been included in all our earlier reported 
results in Figs. 4–7; in fact, we tested a wide range of combina-
tions of CO2 release, inter-ocean exchange and export changes to 
arrive at our optimum results in Figs. 7 and 8 as the red lines.

To re-emphasize, once a simulation of the CaCO3 time series 
for 1500 m has been created, the generated model outputs for 
2600 and 3600 m paleo-depths are retrodictions, i.e., no adjustable 
parameters are left in the model to force a fit. Without a reduc-
tion in CaCO3 export, our model (blue line in Fig. 8B) predicts that 
CaCO3-free sediment would continue to accumulate at 3600 m for 
another ∼20 ka after CO2 input ceased, followed then by a mono-
tonic increase of CaCO3 towards the pre-PETM values, all of which 
disagrees with the data. The same is true at 2600 m (results not 
shown). With a temporary 50% reduction in CaCO3 export, our 
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Fig. 3. Our box model for the carbonate system of the PETM oceans, and the fluxes that operate between the reservoirs. The model divides the oceans into a collection of 
6 boxes, i.e., High Latitude Indo-Atlantic (HA), Low Latitude Surface Indo-Atlantic (LA), Deep Indo-Atlantic (DA), High Latitude Pacific (HP), Low Latitude Surface Pacific (LP), 
and Deep Pacific (DP), as well as an atmospheric box and 2 sediment reservoirs connected to the deep water boxes. Possible water flows between boxes are designated by 
capital U’s, the capital E’s indicate gas exchanges, the B’s stand for internal fluxes of CaCO3, and the F’s are the external fluxes of carbonate alkalinity to the surface boxes 
or of CaCO3 to the sediments. Subscripts refer to the particular ocean (A and P) and the nature of the flux, e.g., T for thermohaline, M for mixing, D for dissolution, burial 
for sedimentation of CaCO3, alk for the alkalinity input from rivers, W for CO2 return to the erosion cycle, etc. Solid lines with arrows indicate fluxes that are always active; 
dashed lines are fluxes that are shut off during our simulations, e.g., exchange between the Indo-Atlantic and the Pacific deep waters. Rather than placing labels on every 
single flow, we use colors and line type (solid versus dashed) to identify flows that are the same, but attached to different boxes, e.g., thermohaline flow solely within the 
Indo-Atlantic is given by solid olive green arrows (3 of them between the Indo-Atlantic boxes), while a thermohaline flow that originates in the Indo-Atlantic and goes to the 
Pacific is indicated by dashed green arrows (5 of them), etc. The CO2 input into the deep oceans is indicated by the “CO2 input” labeled arrows at the base of the diagram. 
Note previously deposited CaCO3 can dissolve if the bottom waters become more acidic. The equations for this model are described in Appendix A, as well as initial values 
for these flows, except if they are model outputs, i.e., Fburial, BPDC, FW and all the E values.

Fig. 4. A comparison of CaCO3 records (time series) on the Walvis Ridge and our model predictions for 20 Sv of deep-water exchange between the Indo-Atlantic and Pacific 
Oceans. The data are given as colored symbols and the predictions are the solid lines. The color of the lines indicate different amounts of CO2 released into the oceans during 
the PETM, which occurred in two phases (Zeebe et al., 2009), one of 5 kyr duration, followed by one of 50 kyr duration. For example the red line in all panels is generated 
with an initial 2000 GtC release, than a 4500 GtC release. A. Data and model results for at 1500 m paleo-depth. B. Data and model results for at 2600 m paleo-depth. C. Data 
and model results for at 2600 m paleo-depth. This is repeated in the next 3 figures.
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Fig. 5. A comparison of CaCO3 records (time series) on the Walvis Ridge and our model predictions for 5 Sv of deep-water exchange between the Indo-Atlantic and Pacific 
Oceans. A. Data and model results for at 1500 m paleo-depth. B. Data and model results for at 2600 m paleo-depth. C. Data and model results for at 2600 m paleo-depth.

Fig. 6. A comparison of CaCO3 records (time series) on the Walvis Ridge and our model predictions for 2 Sv of deep-water exchange between the Indo-Atlantic and Pacific 
Oceans. A. Data and model results for at 1500 m paleo-depth. B. Data and model results for at 2600 m paleo-depth. C. Data and model results for at 2600 m paleo-depth.
model predicts a trend close to the data at all paleo-depths, i.e. 
red lines in Figs. 7 and 8.

A ∼50% drop in net CaCO3 production could indicate either a 
fall in CaCO3 production itself or a temporary increase in near-
surface dissolution (i.e., in surface and in pycnocline waters). Dis-
solution in supersaturated surface and pycnocline waters is still 
not well understood from a mechanistic point of view and it is 
not known how it responds to changes in ocean acidity; conse-
quently, we chose to ignore this possibility and focus on changing 
CaCO3 productivity. Even restricting ourselves to changing produc-
tivity, such alterations could occur at constant or variable B to 
P (PIC/POC) ratio. While we did examine independent B and P 
changes, all results reported here are for constant P.

With respect to changing net productivity, there are no inde-
pendent estimates of B for the Walvis Ridge sites to check our 
result, but Gibbs et al. (2010) – see their Fig. 3A, panel 4 – es-
timate a 20–25% drop in CaCO3 productivity at ODP Site 690 in 
the Southern Ocean during most of the early PETM. ODP Site 690 
was likely not as oligotrophic as Walvis Ridge (Nicolo et al., 2010), 
where we might expect an even greater drop.

Surprisingly, our optimum model result with reduced net CaCO3
productivity displays over-deepening without any intervention on 
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Fig. 7. A comparison of CaCO3 records (time series) on the Walvis Ridge and our model predictions for 0 Sv of deep-water exchange between the Indo-Atlantic and Pacific 
Oceans (complete isolation). A. Data and model results for at 1500 m paleo-depth. B. Data and model results for at 2600 m paleo-depth. C. Data and model results for at 
2600 m paleo-depth.

Fig. 8. A comparison of CaCO3 records on the Walvis Ridge and model predictions as functions of the rate of net CaCO3 production from the surface waters to the deep 
oceans. A shows the data and prediction at 1500 m, while B illustrates the same at 3600 m. The best correspondence with the data is obtained with ∼50% reduction in net 
production and is given by the red curve, which is also the red curve in Fig. 7.
our part (Fig. 8) and including a constant riverine alkalinity in-
put. For over-deepening to occur in the deep Indo-Atlantic Ocean, 
that water must eventually become more saturated than it was 
before the PETM. Even though the PETM is correctly considered an 
acidification event, there must have been later alkalinization of the 
deep Indo-Atlantic Ocean and, possibly to a lesser extent, in the 
Pacific.

This alkalinization has previously been attributed to increased 
riverine input of bi-carbonate (e.g., Zachos et al., 2005; Kump et al., 
2009; Zeebe and Zachos, 2013; Penman et al., 2016). In a steady 
state, alkalinity input from rivers (Falk in Fig. 3) is removed by 
production and burial of CaCO3. Thus, an increase in the riverine 
alkalinity input, at constant productivity, leads to an increase in 
dissolved CO2−

3 and deep-water saturation, which in turn increases 
the burial (survival) of CaCO3 to counteract that added alkalinity 
input (Zachos et al., 2005). The net result is deeper preservation 
of CaCO3. Nonetheless, our results (Figs. 7 & 8) suggest an alter-
native mechanism, which can operate with or without increased 
weathering; this alternative is offered without prejudice to any 
actual increased weathering that there might have been during 
the PETM. Specifically, we advance that the traditional (canoni-
cal) view of carbonate compensation is too restrictive and needs 
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Fig. 9. A summary of the best correspondence between the results of our model and the CaCO3 data from the Walvis Ridge sites. Note the improvements in magnitude and 
timing at all depths with respect to the acidification phase, as compared to the predictions by others in Fig. 1, and the presence of over-shooting, again at all paleo-depths, 
caused by biological carbonate compensation.
to be extended to account for the possibility of biologically driven 
net CaCO3 production feedbacks, as advocated earlier by Zeebe and 
Westbroek (2003).

To illuminate the importance of this additional feedback mech-
anism to acidification, consider the steady-state alkalinity balance 
for an ocean, i.e.,

Falk/2 = B − BD (2)

where B is the rate of net CaCO3 production, BD is the total rate 
of dissolution in the deep ocean (see Boudreau et al., 2010b; Ap-
pendix A), and Falk is the input of carbonate alkalinity to the ocean. 
Note that the difference B − BD is also the burial rate of CaCO3, re-
gardless of the presence or absence of a steady state. If extra CO2
is now injected into this ocean, while Falk and B remain constant, 
e.g., as in Zachos et al. (2005), Zeebe and Zachos (2007), Panchuk 
et al. (2008), and Zeebe et al. (2009), then CO2−

3 will first fall, 
dissolution BD will increase because it is a function of the CO2−

3 , 
and burial (B − BD) will decrease. The added CaCO3 dissolution 
releases carbonate ion into the ocean, which thereafter neutral-
izes the added CO2, as summarized by reaction (1), above. This 
sequence constitutes canonical carbonate compensation, as exem-
plified by the blue lines in Fig. 8, which do not explain the data 
(without increased weathering).

Alternatively, if net productivity B falls as a result of CO2 input, 
and BD remains initially the same, there will be less burial and less 
alkalinity removal. If BD increases too, then there will be even less 
burial and alkalinity removal. Thus, with constant Falk, the reduced 
(net) burial (B − BD) would produce a build-up of alkalinity. For 
example, with B at ∼50% of the pre-PETM condition in the Indo-
Atlantic (Appendix A, Fig. A3), the burial rate in the first 70 kyr is 
no greater than half of that with constant B – see Appendix A, 
Fig. A4. The unbalanced input of alkalinity causes CO2−

3 to ac-
cumulate to values greater than pre-PETM conditions, carbonate 
saturation becomes even greater, and more CaCO3 can accumu-
late at every depth. Canonical carbonate compensation continues 
to occur at the same time as this additional effect. Thus, using 
this mechanism, from about ∼90 ka PO onward, the sediments at 
all three paleo-depths start to accumulate more CaCO3 than before 
the PETM, producing over-deepening, as shown in Fig. 8. Even with 
full recovery of B from 100 ka PO onward, the excess alkalinity is 
not eliminated as late as 150 ka PO and the over-deepened state 
persists.

The added role of net CaCO3 productivity in the above sce-
nario constitutes an important modification that we term biological
carbonate compensation. The final optimum results of our model-
ing are displayed in Fig. 9, and these are visually superior in all 
respects, i.e., magnitude, timing and over-shooting, than those pro-
vided by either Ridgwell (2007) or Zeebe et al. (2009), as displayed 
in Fig. 2. (Statistics on these fits are in Appendix A for those who 
are interested.)

Canonical carbonate compensation figures prominently in buff-
ering the carbonate chemistry of the oceans, in part, because 
of its symmetric operation. With acidification, the dissolution 
of a greater proportion of the CaCO3 productivity and of pre-
viously deposited CaCO3 returns the ocean towards its original 
state. We can see from the above discussion that reduced produc-
tion with biological compensation during acidification will cause 
a parallel return towards the pre-perturbation state. Conversely, 
with alkalinization, canonical compensation causes added preser-
vation (BD is smaller), which reduces the alkalinity, again to move 
the ocean towards a previous state. If higher carbonate satura-
tion levels promote planktonic calcification (e.g., Lea et al., 1995;
Comeau et al., 2010; Bach et al., 2015; Meyer and Riebesell, 2015), 
then this would have the same effect as canonical compensation 
by supplying more CaCO3 for burial, thus reducing the alkalinity 
of ocean waters. The end-result symmetry between the two forms 
of compensation would then be complete. This suggests that re-
search into in situ calcification at increased saturation (pH) would 
be valuable in establishing biological carbonate compensation as a 
process that could rival canonical compensation.

Before ending this section, we note that an attenuated feed-
back between CaCO3 export and acidification has been included 
in two other previous models, but without discovering its impor-
tance. Ridgwell and Hargreaves (2007) did not run their model far 
enough into the Eocene after acidification to observe over-shooting 
(Fig. 1). Lord et al. (2015) also had such a mechanism in their 
model, but ran their results with a weathering feedback that cam-
ouflaged the effects of biological carbonate compensation.

5. Conclusions and future research

Our simulations of the PETM CaCO3 records at Walvis Ridge 
ODP sites (Fig. 9) were obtained, in part, by limiting deep-water 
two-way exchange between the Indo-Atlantic and Pacific Oceans 
(Figs. 4–7) and reducing by ∼50% the net production of CaCO3 dur-
ing acidification (Fig. 8), two conditions not considered (fully) in 
previous models. In addition, these CaCO3 records are best repro-
duced with the introduction of a maximum of ∼6500 GtC of CO2
directly into deep-ocean waters or ∼8000 GtC into the atmosphere 
(Appendix A).

The proposed loss of net CaCO3 production caused a build-up 
of alkalinity in the deep-waters of the Indo-Atlantic Ocean, and 
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restoration of net CaCO3 production later in the PETM led to over-
shooting, as the CaCO3 tests then fell into waters more saturated 
than before the start of the PETM.

These findings prompt us to propose an extension of the con-
cept of carbonate compensation to include biological carbonate 
compensation. It should include not only the canonical idea of 
increased dissolution of CaCO3 reaching the seafloor and of pre-
viously deposited CaCO3 in response to acidification, but also the 
concept that a reduction in biological calcification will decrease 
the removal of alkalinity, allowing it to build-up, thus re-adjusting 
the benthic saturation state, so as to compensate for the addition 
of CO2.

There is evidence for enhanced physical weathering during the 
PETM. Given the nominally 5 ◦C warming across this event, one 
might expect that the PETM may also have been a period of en-
hanced chemical weathering with a consequently greater riverine 
alkalinity flux. The latter could also lead to over-shooting. Whether 
increased weathering or biological carbonate compensation domi-
nates should be a question for future research. Detailed records 
of deep-sea carbonate accumulation across the PETM at multiple, 
contiguous locations, especially in the Pacific, would aid greatly 
and constrain future modeling.
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