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Input of excess CO, to the surface ocean
based on *C/"C ratios
in a banded Jamaican sclerosponge

Ellen R. M. Druffel & Livia M. Benavides*t

Department of Chemistry, Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts 02543, USA

* Department of Civil Engineering, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA

The CO; content of the atmosphere has increased during the past
two centuries as a result of the combustion of fossil fuels for
energy’ and the reduction of forest and soil carbon reservoirs on
land®. The amount of CO, added to the atmosphere from fossil-fuel
burning is known from historical records' (£10%), but the contri-
bution from reduction of the terrestrial biosphere is far less certain.
Several authors have estimated the relative contributions from the
two sources by measuring the change in the *C/"2C ratio in
atmospheric CO, as revealed in tree rings>® (CO, derived from
these two sources is depleted in >C with respect to that in the
atmosphere). Using trees in the Northern Hemisphere, recent
estimates of the integrated CO, release from the terrestrial bio-
sphere since AD 1800 ranged from 70% (ref.5) to 90% (ref.9)
of that released from fossil fuels. Here we present surface ocean
83C and 8'®O records measured in the skeleton of a living
sclerosponge ( Ceratoporella nicholsoni), which accretes aragonite
in isotopic equilibrium with the surrounding sea water/dissolved
inorganic carbon (DIC) system. The 5'C record reveals a decrease

1 Present address: Avenue Pardo 239, Apto 1310, Lima 18, Peru.
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Fig. 1 Schematic diagram showing the sampling intervals for
stable isotopes along profile D (0.5-mm drill holes) and for 2'°Pb
and C analyses (0.5-1.0mm bands)'®. The §'*0 and §'*C
measurements obtained from the profile with the highest resolution
are discussed in the text. Data obtained from three other profiles
are not reported because an unexpected ageing effect after drilling
was observed for these samples. Although it is standard practice
to store aragonitic CaCO; samples indefinitely, we found that the
880 values of these drilled samples were lower by 0.3-0.4% after
storage periods of a few months; most of the 8'C results were
decreased by 0.1-0.15%. When samples were stored for a period
of months after baking this effect was even greater. The effect of
baking was observed previously by Land et al.'”, but these workers
did not mention storage effects. We suspect that high-speed drilling
of dense aragonite heats up the material sufficiently to cause partial
conversion to calcite, a mineral that can exchange its CO3~ with
other sources of CO,. The results reported here are for samples
that were analysed within 48 h of drilling, thus ensuring the smallest
possible ageing effect.

of 0.50% from 1820 to 1972. Using a model of the world carbon
cycle and a deconvolution of our 8613C data, we estimate that the
amount of excess CO, derived from the terrestrial biosphere is
~38% of that from fossil-fuel sources. Our model calculations
support a preindustrial CO, concentration in the atmosphere of
280 p.p.m.v. (parts per million by volume), in agreement with direct
measurements of air occluded in Antarctic ice cores'®.

Tree-ring records may not accurately reflect changes in atmos-
pheric 8>C with time because of kinetic isotope fractionation
during the diffusion of CO, through the leaf stomata and during
carboxylation of ribulose diphosphate during photosyn-
thesis'"'2. Small variations of the fractionation associated with
these and other''2 processes may alter the tree-ring §'°C record,
rendering it unrepresentative of the actual change in the atmos-
phere due to excess CO, input.

Another approach for determining the relative contributions
of fossil-fuel and forest/soil CO, is to examine 8'*C records
obtained from the surface waters of the oceans. Nozaki et al."?
found a reduction in 8*C of 0.50% from 1900 to 1974 in a
banded coral ( Diploria) from Bermuda. However, other authors
have found changes in coral 8'>C for this period that are too
large to be attributed solely to the input of excess CO, from the
atmosphere (ref. 14 and E.R.M.D., unpublished data). Corals
contain symbiotic algae (zooxanthellae) whose photosynthetic
activities fractionate the DIC pool from which the coral accretes
its aragonite. This and other processes constitute the ‘vital effect’
which, as in trees, might vary with time masking the actual §'*C
change in sea water. Isotopic studies of corals devoid of sym-
biotic algae reveal a 8'>C record more representative of the
ambient DIC in sea water, as that part of the vital effect associ-
ated with photosynthesis is absent'>'®. However, Land et al."’
found a direct correlation between the §°C and §'%0 in several
shallow-water ahermatypic corals, indicating a common effect
on both stable isotope ratios. Land et al. proposed that this was
caused by variable retention rates of metabolic CO, in the
internal DIC pool, another process contributing to the vital
effect.

In the present study, we used the sclerosponge Ceratoporella
nicholsoni as a recorder of *C/'*C and '*0/'°O ratios in sea
water. This animal has no symbiotic algae and appears to pre-
cipitate aragonite without a vital effect. The sclerosponge was

©1986 Nature Publishing Group
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Fig. 2 a, '®0 measurements for drilled samples along profile D.
There is no apparent trend in these data, suggesting that there was
no significant change in the long-term averaged SST, salinity and
water composition from 1820 to 1972 on the reef. The solid line
represents a least-squares fit of the data. Error bars represent 1o
error of £0.07%, determined from numerous triplicate analyses. b,
8'3C measurements for drilled samples along profile D. A decrease
of 0.50% from the mid-1800s to 1972 is apparent. The solid line
represents a cubic spline function fitted to the data (with 4-point
smoothing). The error bars represent a 1o error of +0.07%.

collected in 1972 in the fore-reef zone of Chalet Caribe Reef
from the north-west coast of Jamaica at a depth of 26 m. This
area is laved by open ocean waters. The major current system
influencing this western Caribbean location is the precursor to
the Gulf Stream.

The sclerosponge (~7 cm in diameter) was cut into slabs
3-4 mm wide which were studied using a dissecting microscope
to ensure that they had been cut parallel to the growth axis. The
slabs were cleaned ultrasonically to eliminate remnants of worm
tubes and dust from cutting. A thin slab (1 mm) was X-rayed
in an attempt to discern growth bands of varying density;
however, despite the use of high-contrast film, no bands were
detected. Dark-light band pairs, approximately 1 mm wide, were
visible to the naked eye. These bands were identified by Hartman
and Goreau'® as a part of the organic matrix of the sclerosponge.
The slabs were mapped using these organic bands (a total of
26) and sectioned for radioacarbon and ?!°Pb analyses'®. To
obtain higher resolution of the stable isotope records, samples
were drilled along a profile on a single slab (see Fig.1). The
profiles were drilled at intervals of 0.5 to 1.0-mm. For stable
isotope analyses, the samples were baked at 375 °C for 1 h and
converted to CO, by acidification with 100% orthophosphoric
acid under vacuum at 50°C. A VG Micromass 602E mass
spectrometer was used to make the measurements.

The growth rate of this Jamaican sclerosponge was deter-
mined'® using *'°Pb and bomb '*C distributions in growth layers
near the active growing surface. From these measurements and
from the pre-bomb '“C distributions in the sclerosponge bands,
the specimen was estimated to have lived from ~AD 1700 to
1972; the average growth rate was 0.25+0.05 mm yr~" using the
two methods. This gives an uncertainty of +30 yr for our oldest
year assignment (AD 1825).
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Figure 2a and b shows the 830 and 8'C results, plotted
against distance from the growing surface and also against date
of formation based on the bomb '*C chronology®.

The 6'%0 measurements in Fig. 2a show no obvious trends.
The entire data set gives an average 8'°0 value of —0.87%
(s.d.=0.07%). These data suggest that there was no significant
long term variation in any of the factors controlling the *0/'°0
ratio of the accreted aragonite’®?® (that is, sea surface tem-
perature (SST), salinity or seawater composition). Variations in
880 caused by seasonal SST changes are insignificant, as each
sample represents a 2.5-yr growth interval. Surface salinity
measurements were made along a transect extending from the
shore to the collection site, which was ~600 m offshore. These
results reveal that salinity values at the collection site (36.055-
36.059%) were within the range of values present in the western
Caribbean Sea. The slight salinity gradient away from shore (on
the order of +0.03%) may represent a small input of fresh water
from the island. A variation of this magnitude, however, would
not significantly affect the 8'%0 values (£0.015%.).

A cubic spline function was fitted to the 8'>C data set, with
4-point smoothing (solid line in Fig.2b). §"3C values from
sclerosponge layers accreted during the nineteenth century
average +4.78£0.09% (1s.d.). Superimposed on this average
value is an inter-annual oscillation of 0.2% with a timescale of
approximately two decades. A trend toward values that are
0.40-0.50% lower is evident in the upper 15 mm of the sclero-
sponge skeleton. This result is similar to that of Nozaki et al.'®,
who revealed a decline in 8"3C of 0.50% in a Bermuda coral.
Although there is little correlation between the short-term vari-
ations of 6'C as recorded in the surface ocean by the sclero-
sponge and the Bermuda coral (Fig. 3), partially because of the
uncertainty in the chronology of the sclerosponge bands, the
overall trend toward lower values by 1972 is the same.

There is no apparent correlation between the 6'>C and 6'%0
values in samples from the sclerosponge, in contrast to the direct
relationship found in ahermatypic corals'’. Thus, the two quan-
tities are independent, which is essential if we are to conclude
that the isotopic ratios in the skeletal material represent accretion
in equilibrium with the seawater/carbonate system.

The 6'%0 and 6'3C values expected for equilibrium inorganic
precipitation of calcite in surface waters of the northwestern
Atlantic Ocean are —1.4 to —2.3% (at SST of 28+1 °C) and 2.4
to 2.6%, respectively!’?*-?%. To compare these ranges with our
data, we had to take into account the additional fractionation
that occurs during the accretion of aragonite as opposed to
calcite, which is +0.6% for 830 (ref. 29) and 1.8% for 8'°C
(ref. 28). Thus, values for aragonite precipitated recently in
equilibrium with surrounding sea water in the northern Jamaican
region are —0.8 to —1.7% for 6'%0 and 4.2 to 4.4% for §"C.
Our results fall within these ranges (average 6'0 of —0.87%,
8"3C range of 4.2-4.5%). This evidence, in addition to the fact
that there is no apparent correlation between 8'>C and 620,
suggests that the vital effect is insignificant and that the scleros-
ponge precipitates aragonite in equilibrium with the DIC/water

ol T T T T TJso
o & © o °
P ) ° o 0° P oo Ja8
©0, ° * o o ° °
F ° o.oo.g.eo 0 ,0°§ 00
446
5% [ ° >3 o ® 13,
05 o Qt%%! s 3c(0)
° g% ce Jaa
g ..O o
Soe®
o e a2
1.0 __140
A RS S R T
AD 1850 1900 1950
Fig. 3 8'’Ctrend in surface ocean water in the north-west Atlantic

as revealed by a Bermuda coral'® (@, S-yr averages) and by a
Jamaican sclerosponge (present study) (O, 2.5-yr averages). A
decrease of 0.50+0.10% is apparent from the mid-1800s to 1972.
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Fig. 4 a, Model calculations of the §'*C trend in surface ocean
waters. The stippled area represents the observed values from the
sclerosponge. The decrease due to fossil-fuel CO, alone (---)
was calculated from historical records!-*>. The forest/soil com-
ponent (..... ) was calculated by eliminating the fossil-fuel curve
from the model-derived best fit of the observed sclerosponge
measurements (heavy solid line). The surface-ocean curve calcu-
lated from ghe tree-ring data of Stuiver et al’ is shown for com-
parison (light solid line). b, Annual CO, production from fossil-fuel
burning' and from forest/soil sources (present work) during the
past two centuries. Integration of the two curves reveals that ~28%
of the total excess CO, released into the atmosphere during 1820-
1972 was derived from the terrestrial biota.

system in which it lives. In contrast to corals, sclerosponges
pump large amounts of water through their channels'®; this may
provide a mechanism for the removal of metabolic CO, from
the animal tissue, thus eliminating significant retention of res-
pired CO, in the calcioblastic layer, and hence in the accreted
aragonite.

Assuming that sclerosponges accrete aragonite in equilibrium
with the surrounding sea water, their skeletons contain valuable
information regarding the input of excess CO, to the oceans.
Knowledge of both the timing and magnitude of the §'*C change
obtained from the stable isotope records in banded sclerosponge
layers enables us to estimate the relative contributions to the
atmosphere and oceans of the two major sources of CO,: fossil
fuels and forest/soil carbon.

A one-dimensional mixing model of the world carbon cycle,
similar to that of Emanuel et al>°, was used to estimate the
timing and magnitude of excess CO, input to the atmosphere
from the two major sources mentioned above. In this model,
the ocean is constructed of 19 layers that are mixed diffusively,
in a manner similar to the box-diffusion model of Oeschger et
al®'. The biota is represented by the five major terrestrial carbon
reservoirs. Values of the atmospheric Pco, (partial pressure of
CO,) calculated using the model agreed (to within +2 p.p.m.v.)
with measurements obtained by Keeling et al*? from 1958 to
1982 at Mauna Loa.

The stippled region in Fig. 4a shows the range of 8'’C
values in the surface ocean as recorded in the sclerosponge
bands. Using the model, we calculate that the reduction in §°C
expected in average surface ocean waters due to the input of
fossil CO, alone'”® is 0.37% by 1972 (broken line); this is
two-thirds of the value observed in the sclerosponge record. If
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we assume that the north-west Atlantic is representative of
average global surface ocean water, then it seems that there is
an additional source of excess CQO,, presumably from defores-
tation and soil manipulation on land. In the model, we have
added CO, derived from the reduction of the forest/soil reservoir
(8C=—26%) in order to obtain the best fit of the observed
ocean 8'*C curve (heavy solid line in Fig. 4a). The change in
83C in the surface ocean calculated from the composite tree-ring
curve of Stuiver et al® is slightly greater than our observed trend
(Fig. 4a). Figure 4b shows the annual CO, production (in
gigatons C yr ') from the two sources of excess CO,. The for-
est/soil contribution is approximately 38% the size of the fossil
fuel contribution, representing a net input to the atmosphere of
53 G tons C from the terrestrial biosphere between 1820 and
1972. Using the combined observed ocean trend (Fig. 3) from
the Bermuda coral and Jamaican sclerosponge, the estimate of
the forest/soil CO, contribution remains the same.

Although the shape of the forest/soil curve is difficult to
determine with any certainty because of the large signal-to-noise
ratio in the ocean 8§C records, these data do suggest that the
change in 8"C due to forest/soil CO, input was minimal
between 1950 and 1972; this is in agreement with the results of
studies of tree rings>® and atmospheric CO, (ref. 34). Also, there
was a significant decrease in 6'°C from 1845 to 1865, suggesting
that the forest/soil component was an important net source of
CO, to the atmosphere during the nineteenth century. However,
it appears from the sclerosponge data that most of the excess
terrestrial CO, was expelled into the atmosphere during the
period 1920-1950 (Fig. 4b).

The bimodal nature of the forest/soil CO, input, as revealed
here, has also been demonstrated by deconvolution of ice-core
CO, data®® and of tree-ring 8'*C records®*®. The similarity of
recent results derived from independent geochemical data sets
indicates that our understanding of the excess CO, problem is
approaching a consensus—(1) the net input of CO, to the
atmosphere from the biosphere between 1800 and 1975 was
approximately half of that from fossil fuels, and (2) the net
production of biospheric CO, has undergone two periods of
peak production in the past two centuries, at 1820-1850 and
1880-1930.

An estimate of the partial pressure of CO, in the atmosphere
during the early 1800s can be made using these data. Using
historical records of the industrial production of CO, from fossil
fuels'** and the Pco, record in the atmosphere?, the preindus-
trial Pco, is estimated at 292 p.p.m.v., if the biosphere was
neither a sink nor a source of CO,. Considering the biotic source
of excess CQO,, which is estimated here to have been ~38% the
size of the fossil-fuel source, the preindustrial P, is decreased
to 280 p.p.m.v.; this value is in agreement with measurements
made by Neftel et al.'® of air trapped in ice cores from Siple
Station, Antarctica.
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Molecular evidence for a
terrestrial component of
organic matter dissolved in ocean water

Kathleen J. Meyers-Schulte & John I. Hedges

School of Oceanography, WB-10, University of Washington, Seattle,
Washington 98195, USA

Dissolved organic matter (DOM) in seawater represents one of
the largest active carbon reservoirs on Earth'. Although mass-
balance calculations suggest a substantial riverine input to the
marine DOM pool?, a terrestrial organic component has not been
positively identified in open-ocean water. By using lignin-derived
phenols as molecular-level probes of DOM (analogous to previous
studies in sediments®>®), we report here the first unambiguous
evidence for the presence of terrestrially derived DOM in open
ocean water. Dissolved humic substances, isolated by resin adsorp-
tion from near-surface water of the eastern equatorial Pacific,
yield lignin-derived phenols in compositional patterns which
resemble those obtained from Amazon River water®’. Total phenol
yields from these open-ocean humic isolates are, on average, ~10%
of those from Amazon humic substances, indicating that ~10%
of dissolved marine humic material (and at least 0.5% of the bulk
marine DOM) is terrestrially derived.

The concentration of terrestrially derived organic matter in
the marine DOM pool is one of the most ill-defined factors in
the global carbon cycle'. The potential for a significant terrestrial
contribution is evident from the calculation that the global DOM
input by rivers® is sufficient to support ~70% of the oceanic
DOM pool at its measured (**C) average age of 3,400 yr®.
Evidence that riverine DOM mixes conservatively in selected
estuaries’ suggests that most rivetine DOM passes through
estuaries to coastal waters'®, where its subsequent fate is
unknown.

Direct biochemical analyses of marine DOM have yielded
limited source-related information because the overall abun-
dance of recognizable biochemicals is low (10-20%)''"!* and
their geographic origins are usually ambiguous. A portion of
the DOM is comprised of a complex mixture of acidic polymers
called humic substances which are produced by microbial degra-
dation and condensation of biochemicals and can be isolated
by adsorption onto resin'*. Bulk isotopic and chemical analyses
of humic isolates from seawater indicate a predominant marine
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Fig. 1 Seawater sampling sites.

origin'*"'* but these measurements are not well suited for detec-
tion of minor constituents, and cannot preclude a terrestrial
component. Degradative analyses of humic substances allow
the greater sensitivity inherent in molecular level analyses, but
to date have either yielded products of unclear geographic
origin'®, have been applied to landlocked marine water'® which
may not be representative of the open ocean, or have not detected
a terrestrial component of marine humus'®.

Using the lignin-biomarker technique®, we report here the
first direct evidence for the presence of terrestrially derived
organic matter in open-ocean DOM. Lignin is a phenolic poly-
mer which is produced solely by vascular land plants as struc-
tural units of their cell walls®®. Its exclusive terrestrial source,
high natural abundance on land, inherent chemical stability®'
and unmistakable suite of cupric oxide oxidation products ren-
der lignin an attractive molecular tracer for terrestrial organic
matter in aquatic environments®’?2, On oxidation by cupric
oxide, lignin of all vascular plant tissues produces vanillyl
phenols, which can be used as unambiguous general tracers of
terrestrially derived material. In addition, syringyl phenols (pro-
duced only from angiosperm lignin) and cinnamyl phenols
(produced only from non-woody tissues) denote specific vas-
cular tissue sources*?2. Finally, the weight ratio of vanillic acid
to vanillin, symbolized as (Ad/Al)y of fresh (undergraded)
vascular plant tissues ranges from 0.1 to 0.2 (ref. 23), whereas
higher values are characteristic of biodegraded lignin®.

Previous applications of the lignin-biomarker technique to
dissolved humic substances from lakes and rivers have demon-
strated the ubiquitous presence of lignin structural units®’*%.
In particular, humic substances from the Amazon River system
produce high yields of lignin oxidation products characterized
by low syringyl/vanillyl (S/V) and cinnamyl/vanillyl (C/V)
weight ratios and relatively high (Ad/Al)y values®’. Because
the Amazon is by far the world’s largest river system and con-
tributes approximately 20% of the total freshwater input to the
ocean’, it serves as a good model for the expected terrestrial
component within the marine DOM pool.

We chose to study water from the Pacific Ocean which is at
the most extreme end of the global ocean circulation pattern
and least affected by direct river input. Both surface (depth 5 m)
and sub-thermoclinic (150 m) water samples (400 1) were collec-
ted from two stations in the eastern equatorial Pacific Ocean
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