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Sea-Floor Hydrothermal Activity Links Climate to
Tectonics: The Eocene Carbon Dioxide Greenhouse

Abstract. Two important findings of recent ocean-floor drilling in the southeast
Pacific (Deep Sea Drilling Project Leg 92) are (i) that sea-floor hydrothermal activity
may fluctuate through time by as much as an order of magnitude and (ii) that
episodes of greatest hydrothermal flux correspond to times when ridge-transform
plate boundaries are undergoing major changes in their configuration rather than to
known times of increased spreading rate or volcanism. Evidence is presented here in
support of the hypothesis that heightened hydrothermal activity induced by the
Eocene tectonic activity caused a global greenhouse effect, which may represent the
long-sought-after historical analog to the carbon dioxide-induced global warming
expected to occur by the middle of the next century.

The idea that changes in atmospheric
CO, concentrations can affect global sur-
face temperatures was first postulated
nearly a century ago (/-3). This connec-
tion not only is now well documented
and widely accepted but also has
aroused much concern. Increased CO,
inputs during the next several decades,
primarily from the cumulative effects of
deforestation and fossil-fuel combustion,
are expected to double the atmospheric
CO; load thought to have been present in
1900 (4). Various numerical models pre-
dict that this CO, doubling will lead to a
greenhouse effect, manifested as an in-
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crease of about 1.5° to 4.5°C in the mean
global surface temperature by the middle
of the next century (5).

This anthropogenically induced change
in atmospheric’ composition has been
viewed as both a massive and an unprec-
edented geophysical experiment (5, 6).
That it is occurring now on a large scale
is clear; it is far less certain, however,
that it has not occurred before. Indeed,
there is abundant paleontological, paleo-
ceanographic, and paleogeographic evi-
dence in support of the idea that relative-
ly warmer periods occurred during the
past (7-9). Revelle (3) has suggested that

paleoclimatic reconstructions of these
periods could be used to evaluate and
verify the predictions of mathematical
models (which contain certain trouble-

* some uncertainties) and could provide

useful clues to the consequences of fu-
ture warming trends. Unfortunately, the

“application of this earth-model approach

to past time periods is hampered by a
limited data base and inherent chrono-
logical errors, whereas investigations of
more recent periods must grapple with
uncertainties concerning the role of CO,
in global warming events. For example,
both the warm climate of the early Holo-
cene and glacial-interglacial temperature
oscillations have been related to changes
in the earth’s orbit. These changes in
atmospheric CO, concentrations may
have been responses to rather than
causes of the associated climate changes
(5). For this reason, one conclusion of a
recent review of studies concerning the
anticipated CO, greenhouse effect was
that there is no satisfactory historical
analog (5). We suggest here that CO,-
induced climate changes have occurred,
that they were caused by pulsations in
the intensity of sea-floor hydrothermal
activity induced by tectonic rearrange-
ments of sea-floor spreading centers, and
that the most obvious example of this
process occurred in the early Eocene.

This suggestion of an inferred link
between ocean tectonics and atmospher-
ic CO, concentrations is based upon
correlations between certain parameters
of tectonism (for example, spreading
rates) and sea level changes, the occur-
rence of oolites in the stratigraphic re-
cord of the Phanerozoic, and computer-
simulated variations in the carbonate-
silicate geochemical cycle over the past
100 million years (m.y.) (10-13). A direct
chemical link between sea-floor process-
es and CO, fluxes was revealed recently
by the discovery of widespread hydro-
thermal activity along oceanic ridges.
Fissures and fractures formed in fresh
ridge-crest basalt as it cools and is rifted
apart provide conduits for the circulation
of cold bottom waters into the underly-
ing crust. The circulating seawater pene-
trates to depths of a few kilometers,
reacts chemically with hot basalt at tem-
peratures in excess of 300°C, and
emerges as hot springs along the ocean
floor (14). The chemical exchanges that
occur during this process include the
removal of magnesium and sulfate from
seawater and concomitant enrichment of
calcium, potassium, silica, iron, manga-
hese, and other trace elements within the
hydrothermal solution (14-18).

The chemical exchange of calcium for
magnesium in this process is particularly
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relevant to the CO, cycle. Both labora-
tory and field investigations have shown
that for each Mg?™* that is removed from
seawater there occurs a replacement by
an essentially stoichiometrically equiva-
lent amount of Ca?* (12, 19, 20). The
only significant process that balances
Ca®" inputs to the oceans is the precipi-
tation of (biogenic) CaCOs;, which is ac-
companied by the formation of CO,:

Ca?* + 2 HCO;~ — CaCO;
+ CO, + H,0 1)

Estimates of the total annual hydro-
thermal Ca’" input into the oceans can
be used to assess the relative contribu-
tion of hydrothermal activity to the mod-
ern global CO, budget. The total fluvial
input of HCO;™ to the oceans is about
3.20 x 10" mol year™!; however, if we
exclude hydrothermal activity, only
about 66 percent of this input can be
accounted for by all other known remov-
al processes (21, 22). Assuming that the
“excess” HCO;~ (1.09 x 10 mol
year™!) is exactly balanced by hydro-
thermal Ca?* inputs according to Eq. 1,
we calculate the hydrothermal Ca*" in-
put to be 5.45 x 10'? mol year™'. This
value is in good agreement with other
independent estimates of the hydrother-
mal Ca?" flux: 5.2 x 102 mol year™!,
based on the carbonate-silicate geo-
chemical cycle of present-day oceans
(I2) and 4.3 x 102 mol year™!, based on
an extrapolation of Ca?" concentrations
in hydrothermal plumes at the Galapagos
spreading ridge (/7). If we take the hy-
drothermal Ca?" input to be 5 X 102
mol year™! and the fluvial Ca®* input to
be 12.5 x 10'? mol year™! (22), then the
total Ca?* input to the oceans is about
17.5 x 10 mol year~!. Assuming
steady-state conditions and recognizing
that for each mole of Ca?* input 1 mol of
CO;, is produced, we estimate that sea-
floor hydrothermal activity accounts for
about 29 percent of the total ocean con-
tribution to atmospheric CO,. According
to recent budget calculations, the oceans
contribute between 47 percent (3) and 75
percent (/2) of the total global atmo-
spheric CO, input, depending primarily
upon whether short-term biological cy-
cles or long-term geochemical cycles are
emphasized. In any case, our calcula-
tions indicate that sea-floor hydrother-
mal activity is a significant factor in the
present-day CO, budget, accounting for
about 14 to 22 percent of the total atmo-
spheric CQO; input.

If during certain times in the geologic
past the intensity of hydrothermal activi-
ty was significantly greater than today,
then it is reasonable to argue that these
periods represent  analogs to CO,-in-
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duced climatic changes. Leg 92 of the
Deep Sea Drilling Project (DSDP), which
crossed the East Pacific Rise (EPR) at
19°S, was undertaken to provide the first
direct documentation of the geologic his-
tory of ridge-axis hydrothermal activity.
Following ‘‘conventional wisdom,” we
had expected that the hydrothermal re-
cord recovered would reflect the history
in the Pacific region of mid-plate and
plate-margin volcanism and of spread-
ing-rate fluctuation (23-25). It did not.
Hydrothermal activity in the southeast
Pacific reaches relative maxima of five to
ten times present values, based on mass-
accumulation rates of iron-rich  sedi-
ment, in the earliest Miocene and the late
Miocene (26-28). Pitman’s (25) compila-
tion of global spreading rates along 12
spreading centers shows that five display
constant spreading throughout the Ceno-
zoic, three show marked rate reductions

during the Paleogene and are constant:

since then, and four fluctuate by 20 to 40
percent (two increase and two decrease
in rate). Episodes of hydrothermal activ-
ity documented by the Leg 92 Scientific
Party (27, 28) therefore do not appear to
correspond to spreading-rate fluctua-
tions. On the other hand, these episodes
do coincide with the two periods of
ridge-jumping and reorganization of di-
vergent and transform plate boundaries
along the EPR that occurred approxi-
mately 20 to 25 m.y. ago (29) and 6 to 8
m.y. ago (30).

Other information appears to confirm
that hydrothermal input to the oceans
depends on factors other than spreading
rate, primarily tectonism. For example,
the accumulation of metalliferous sedi-
ments at DSDP site 319, which lies east
of the EPR in the Bauer Deep, displays
an approximately fivefold increase in hy-
drothermally derived elements about 8
m.y. ago (31). At this time the spreading
axis jumped 800 km west from the fossil
Galapagos Rise, now in the middle of the
Nazca Plate, to the present EPR (30).
During June and July 1984, the Canadian
research submarine Pisces-<4, diving on
the Explorer Ridge southwest of British
Columbia, encountered ophiolite-scale
sulfide deposits along the spreading axis.
Scientists on that expedition estimated
that the slow-spreading Explorer Ridge
is producing one to two orders of magni-
tude more hydrothermal material than
(an equivalent length of) the fast-spread-
ing EPR (32). '

The early to middle Eocene was also a
time of greatly enhanced accumulation
of hydrothermally derived material, es-
pecially iron, in Pacific sediments (26,
33). The bulk hydrothermal and hydroge-
nous components of pelagic clay sec-

tions at DSDP site 464 (34) and core
LL44-GPC3 (35) show their maximum
Cenozoic accumulation 50 to 55 m.y.
ago. These clear indications of enhanced
hydrothermal activity are important be-
cause the early Eocene is the time of the
last global-scale episode of ridge-jump-
ing and general reorganization of sea-
floor spreading centers and has long
been recognized as having the warmest
and most humid Cenozoic climate.

We suggest that these two events,
increased tectonism and warm climate,
are cause and effect linked by the pro-
cess described above. Recalculation of
the carbonate mass balance model of
Berner et al. (12) with a fourfold increase
of hydrothermal calcium input to the
oceans yields a doubling of CO, in the
oceans and thus a doubling of CO; in the
atmosphere, assuming the two concen-
trations are linearly related,

If our hypothesis is correct, one would
expect to find evidence in the geologic
record for the following events approxi-
mately 50 m.y. ago: (i) a global warming
above preexisting temperatures of a
magnitude similar to or greater than that
predicted for the modern case; (ii) possi-
ble increased humidity; (iii) a decreased
pole-to-equator temperature gradient;
(iv) increased accumulation of hydro-
thermal iron in deep-sea sediments; (v)
increased accumulation of silicon in
deep-sea sediments; and (vi) increased
Ca’* concentrations in seawater and in-
creased CaCO; accumulation in marine
sediments. There is strong evidence for
all six of these apparently related phe-
nomena.

The Eocene global warming has long
been recognized from both terrestrial (7,
36-38) and oceanic (8, 39, 40) records.
Oxygen isotope data from oceanic fo-
raminifera provide some quantification
of this warming, which is about 5°C
above Paleocene values (47). Humid Eo-
cene climates are suggested by the pre-
vailing flora (36-38) and the very low
amounts of eolian dust that were trans-
ported to the oceans (42, 43). The early
to middle Eocene is also the time of the
warmest high-latitude regions (9) and
thus the lowest pole-to-equator tempera-
ture gradients, perhaps less than half that
of the present (40, 41). Recent work on
the Cenozoic record of eolian dust accu-
mulation suggests that a rather sudden
large reduction in the intensity of atmo-
spheric circulation occurred in the early
to middle Eocene, which would suggest
a rapid decrease in the temperature gra-
dient (42, 43).

The input of both hydrothermal (26,
35) and opaline (44, 45) materials to the
sea floor increased severalfold 50 m.y.
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Fig. 1. Relative accumulation rates of iron (26-28), opal (44, 45), and CaCO; (51) and the Sr/Ca
ratio (49) in forams. Increases in all three accumulation rates and a decrease in the Sr/Ca ratio
occurred in the early to middle Eocene, about 50 m.y. ago.

ago (Fig. 1). Most of the Eocene opal has -

undergone diagenetic conversion to the
. widespread chert deposits of that age,
and so accurate opaline flux values for
that time are difficult to construct (8).
Greater hydrothermal input to the
oceans also accounts for the larger silica
fluxes required to form the cherts, a flux
that was attributed to increased volcanic
input (46, 47) or diagenetic alteration of
clays (48).

The Sr/Ca ratios from samples of well-
preserved fossil planktonic foraminifera
collected from throughout the Pacific
basin show a significant decrease of 15 to
25 percent during the Eocene and the
late Miocene (Fig. 1), a finding that has
been attributed to an increased hydro-
thermal supply of Ca®* during these peri-
ods (49). Most deep pelagic sediments
are calcite, and so any increase in CaCQOj3
deposition concordant with increased
oceanic input of hydrothermal Ca?*
might be less evident than that of other
components. Nevertheless, summaries
of carbonate accumulation indicate a
maximum during the Eocene (50, 51)
when accumulation rates more than dou-
bled (Fig. 1). A significant increase in
hydrothermal activity also would be like-
ly to change the pattern of carbonate
deposition. Increased CO, concentra-
tions in deep waters should lead to a
shallower carbonate compensation depth
(CCD) and lysocline, which would shift
the concomitant increase in carbonate
production toward shallower deposition-
al environments. This is the pattern ob-
served for the Eocene. The overall net
increase in carbonate deposition during
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this period is manifested as extensive
shallow-water carbonate deposits (51),
while deep-sea accumulation rates re-
mained relatively low because of a pro-
nounced global-scale shallowing of the
CCD (52).

These observations strongly support
our steady-state assumption that in-
creased hydrothermal Ca®* inputs must
have been rapidly balanced by increased
CaCO; production and concomitant CO,
generation. On the other hand, we real-

_ize that an accelerated rate of hydrother-

mal Ca’?* input prior to a new steady
state also must have been of limited
duration because of various chemical
constraints involving Ca?*. For exam-
ple, CaCOj; production could have been
limited by the HCO;~ supply from land.
However, using contemporary HCO;~
input rates to impose this constraint
would neglect the possibility of a posi-
tive feedback loop between atmospheric
CO, concentrations and the HCO; ™ sup-
ply; that is, higher atmospheric CO, con-
centrations may have resulted in in-
creased weathering rates and corre-
spondingly higher rates of HCO;™ input.
Fortunately, the stratigraphic record
does offer a definitive constraint. The
upper limit of Ca?* concentration in an-
cient oceans is constrained by the sol-
ubility product of gypsum and could nev-
er have been more than about three
times present-day levels or gypsum
would occur as a common component of
nonevaporitic marine sediments (53).
Thus for any given level of hydrothermal
activity it is possible to estimate the time
span during which increased Ca®* inputs

could have accumulated in the ocean
before precipitating as gypsum. On the
basis of the five- to tenfold increase in
hydrothermal activity suggested by re-
cent findings (26-28, 31), we calculate
that this situation could have prevailed
for a maximum of no more than about
10° years.

Some of the data we have discussed
are not applicable to all parts of the
Eocene world and thus, strictly speak-
ing, have only regional implications. The
paleobotanical (36-38), CaCO; deposi-
tion (50, 51), CCD (52), oxygen isotope
(40, 41), and silicon data (44, 45) are from
widespread areas and so can be consid-
ered global. The interpretations of the
eolian data as to continental aridity and
wind strength are based on North Pacific
cores only (42, 43). The iron and hydro-
thermal component data come from the
North and South Pacific (26, 33-35). The
dirth of iron-related and eolian data from
other oceans reflects a lack of appropri-
ate experiments rather than a demon-
strated absence of that particular factor.

We postulate a series of global-scale
phenomena that should be, within the "
duration of the causative event and the
response times of each type of indicator,
isochronous. The stratigraphies and time
scales used to date these separate phe-
nomena are not all the same. Deep-sea
sediment studies commonly are based on
foraminiferal or nannofossil stratigra-
phies, which correlate reasonably well
(CaCO;, Ca?* oxygen isotopes, some
iron, some silicon data). North Pacific
eolian and hydrothermal sediment stud-
ies are based on less well-defined ichthy-
olith stratigraphy. Paleobotanical studies
are based on pollen stratigraphies. All
time scales are now in the process of
being tied into the globally applicable
geomagnetic-reversal time scale, but that
effort is incomplete. As of this writing,
we can say that, within the limits of
present stratigraphic accuracy, the docu-
mented phenomena are consistent with a
single global-scale hydrothermal event,
but we cannot state the exact timing of
these phenomena.

The data indicate that a severalfold
increase in sea-floor hydrothermal activ-
ity, occasioned by the early Eocene tec-
tonic activity, caused a CO,-induced
global greenhouse effect. The several
other predicted results of increased hy-
drothermal activity also occurred:
changes in global climate, reduction in
the intensity of atmospheric circulation,
and increased deposition of ferruginous,
opaline, and calcareous sediments. Oth-
er periods, more distant from the pre-
sent, of global readjustment of spreading
centers have also occurred and should
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show similar effects. The most obvious
of these is the Late Cretaceous, Conia-
cian to Campainian, which was charac-
terized by tectonic reorganizations,
warm climates, abundant carbonate sedi-
ments, and deep-sea cherts.

ROBERT M. OWEN

DaviDp K. REa

Department of Atmospheric and
Oceanic Science, University of
Michigan, Ann Arbor 48109
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Plasmodium falciparum Malaria: Band 3 as a Possible

Receptor During Invasion of Human Erythrocytes

Abstract. Human erythrocyte band 3, a major membrane-spanning protein, was
purified and incorporated into liposomes. These liposomes, at nanomolar concentra-
tions of protein, inhibited invasion of human erythrocytes in vitro by the malaria
parasite Plasmodium falciparum. Liposomes containing human band 3 were ten
times more effective in inhibiting invasion than those with pig band 3 and six times
more effective than liposomes containing human erythrocyte glycophorin. Lipo-
somes alone or liposomes containing erythrocyte glycolipids did not inhibit invasion.
These results suggest that band 3 participates in the invasion process in a step
involving a specific, high-affinity interaction between band 3 and some component of

the parasite.

Malaria remains a major public health
problem in many areas of the world, with
an estimated 150 million cases resulting
in 2 million deaths each year (/). Victims
are inoculated by mosquito bite with the
sporozoite stage of the malarial parasite,
and the sporozoites rapidly invade he-
patic parenchymal cells and differentiate
into merozoites. The merozoites are re-
leased into the circulation, where they
invade erythrocytes. Infected erythro-
cytes soon rupture, releasing multiple
merozoites that invade other erythro-
cytes, leading to chronic parisitemia. In-
vasion of erythrocytes is a multistep
process that involves (i) attachment of
merozoites to the erythrocyte membrane
in a random orientation; (i) reorientation
of the attached merozoites such that the
apical end of the parasite is opposed to
the erythrocyte membrane; (iii) forma-
tion of a junction between the apical end
of the merozoite and the erythrocyte
membrane; and (iv) invagination of the
erythrocyte membrane around the at-
tached merozoite to form a vacuole in-
side the erythrocyte (2).

Several lines of evidence indicate that
the invasion process requires specific
interactions between the merozoite and
the host erythrocyte (3). Erythrocyte
membrane proteins glycophorins A, B,

and C have been implicated as one of the .

attachment sites for Plasmodium falcip-
arum (3), the species that causes the
most virulent form of human malaria.
Invasion of erythrocytes by P. falcipa-
rum in vitro has been reduced by genetic

deficiency of glycophorins (4), digestion
of glycophorin with trypsin or neuramin-
idase (3), and addition of isolated glyco-
phorin to the assay medium (5). Fried-
man et al. (6) suggested that glycophor-
ins A and B are involved in a relatively
nonselective, charge-mediated attach-
ment between merozoites and the red -
cell membrane, since various polyanions
also inhibit invasion and since orosomu-
coid, a serum sialoglycoprotein unrelat-
ed to glycophorin, restores the invasion
capacity of erythrocytes depleted of gly-
cophorins (6).

Band 3, a major cell-surface protein in
erythrocyte membrane, is a logical can-
didate to mediate specific red cell associ-
ations with malarial parasites. In support
of this idea, Miller et al. (7) found that
monoclonal antibody against rhesus
monkey band 3 blocks invasion of rhesus
erythrocytes by Plasmodium knowlesi
parasites. We report here that human
erythrocyte band 3 incorporated into lip-
osomes is a potent inhibitor of invasion
of human erythrocytes by P. falciparum,
further supporting the hypothesis that
band 3 participates in a high-affinity in-
teraction with merozoite surface compo-
nents.

Band 3 was purified from human
erythrocyte ghosts by selective extrac-
tion of peripheral membrane proteins,
followed by solubilization of membranes
with nonionic detergent and fraction-
ation of the detergent extract by ion-
exchange chromatography (Fig. 1). Band
3 is not soluble in the absence of deter-
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