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SOURCES OF CARBON TO DEEP-SEA CORALS

SHEILA GRIFFIN and ELLEN R M DRUFFEL
Department of Chemistry
Woods Hole Oceanographic Institution
Woods Hole, Massachusetts 02543
ABSTRACT. Radiocarbon measurements in deep-sea corals from the Little Bahama Bank
were used to determine the source of carbon to the skeletal matrices. Specimens of Lophelia,
Gerardia, Paragorgia johnsoni and Corallium noibe were sectioned according to visible growth
rings and/or stem diameter. We determined that the source of carbon to the corals accreting
organic matter was primarily from surface-derived sources. Those corals that accrete a calcerous skeleton were found to obtain their carbon solely from dissolved inorganic carbon
(DIC) in sea water from the depth at which the corals grew. These results, in conjunction with
growth-rate studies using short-lived radioisotopes, support the use of deep-sea corals to reconstruct time histories of transient and non-transient tracers at depth in the oceans.
INTRODUCTION

For more than 100 years, it has been known that corals exist in the very
deep ocean (Pourtales, 1868). However, little is known about the carbon
source to the skeleton or growth rate of these deep-sea corals. Most deepsea corals are azooxanthellate (Schuhmacher & Zibrowius,1985) and ahermatypic, ie, they are without symbionts and do not contribute significantly
to the framework of coral reefs. These corals exist worldwide at all depths
of the deep ocean and at temperatures as low as -1.1°C (Vaughan & Wells,
1943; Wells, 1956).
Of the known genera of deep-sea corals, about half are of solitary morphology. The rest are branching and have the ability to form deep-sea coral
banks. The dominant genera that have been found to form banks are Madrepora, Lophelia, Sollenosmilia, Enallopsammia and Dendrophyllia, all of
which accrete calcareous (calcium carbonate) skeletons. According to
Mullins et al (1981), deep-sea coral banks in the North Atlantic form under
different conditions than the more familiar hermatypic, surface coral reefs.
The structures begin with a single colony, with a diameter of up to 1m. A
group of colonies form a thicket and may be mono- or polytypic in composition. A coppice stage can come next, in which skeletal debris begins to
accumulate, providing a substrate for new coral growth. At the end of this
stage, a diverse benthic fauna is supported. The final stage is the formation
of a bank, which reaches heights up to 50m, and is capped by living coral
(Squires, 1964).
Few studies have addressed the growth rates of deep-sea corals.
Duncan (1877) and Pratje (1924) reported growth rates for Lophelia of
0.68cm to 0.75cm/yr based on coral growing on transatlantic cables.
Teichert (1958) estimated values of 0.75cm to 1.5cm/yr for Lophelia. Grigg
(1974) reported a growth rate of 0.3cm/yr for Corallium japonicum, based
on recovery of tagged colonies off Japan. Mikkelsen et al (1982) estimated
the growth rate for Lophelia of 2.5cm/yr using oxygen isotope data. These
are all growth rates based on linear extension of the branches.
Determining coral growth using direct observational methods is difficult because of the depth at which these corals grow. It is important, there533
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fore, to consider the development of radiometric methods for determining
growth rates. In order for radiometric methods to be valid, it must be
demonstrated that, once the coral skeleton is secreted, it remains a closed,
unaltered system. Goreau and Goreau (1960), using a Ca-45 tracer,
demonstrated that, once the skeleton of hermatypic corals is secreted, there
is no exchange of calcium with the sea water. Studies of scleractinians
(skeletal-building corals) indicate relatively little diagenetic alteration.
Newton et al (1987), analyzed six Lophelia (an aragonitic species) samples
from coral mounds on the West Florida Slope. The samples were dead when
collected and all had 14C ages >40,000 BP and all but the most corroded
sample was still 100% aragonite. Sr levels in the Lophelia showed no significant difference from modern levels, and 6130 signatures characteristic of
deep-sea ahermatypes were retained.
This study addresses primarily the source of carbon to the skeletal
matrix and, to a minor extent, the growth rate of these deep-sea corals. Our
measurements will be compared to growth-rate estimates of one of the
specimens (Corallium) obtained from excess 210Pb measurements (Druffel &
King, ms in preparation). Ultimately, the skeletons may provide time histories of the penetration of transient tracers into the main thermocline (01000m depth), which will be extremely useful for testing models that
simulate processes such as the invasion and distribution of excess (fossil fuel
and biospheric) CO2 in the oceans.
SAMPLE COLLECTION AND AIETHQDS

The coral samples were collected west of the Little Bahama Bank in
the Gulf Stream (27° 04' N, 79° 20' W) during three dives on the DSR/V
Alvin (tender R/V Lulu) in October 1982 (Fig 1). Mounds as high as 30m
were observed at depths of 573 - 650m. Water temperature at the depth
range of sample collection varied between 12.12° and 12.80°C. Current
speed in this area varies from 0.2 to 3.0 knots (Sikes,1984). Strong bottom
currents, generally associated with modern coral banks, provide the corals
with oxygen, food and nutrients. The Florida Current (Gulf Stream) is the
dominant flow at this location. It is not known whether these particular
mounds were lithified or unlithified (Mullins et al, 1981; Neumann, Kofold
& Keller, 1977). Areas between the mounds are relatively flat and display
sediment-starved ripple marks.
Five separate deep-sea coral samples were used for this study (Table
1): 2 Lophelia specimens, 1 white, 1 brown; 1 Gerardia specimen (Fig 2);
1 Paragorgia johnsoni and 1 Corallium noibe (Fig 3). All the corals
examined in this study were living at the time of collection, except for the
brown-colored Lophelia. All the samples, except the Corallium, were
frozen immediately and then cleaned of living polyps at the Woods Hole
Oceanographic Institution.
The Gerardia was arborescent in structure. The tips, stem and trunk
were sectioned and analyzed separately. The specimen was defrosted and
soaked for 20 min in a solution of 50% clorox bleach, and the polyps were
removed with a small brush. After all the soft living tissue was removed, the
sample was rinsed several times with distilled water and then dried in a 50°C
oven overnight. Samples were sectioned from the tips and stems, on the
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Fig 1. Map of the collection site (*) of the deep-sea corals in the Gulf Stream off Florida

TABLE

1

Description of deep-sea corals used in this project
Sample name

Gerardia
Corallium noibe
Paragorgia johnsoni
Lophelia

Alvin dive no

Depth (m)

1278
1273
1274
1273

632
640
616
640

diam
diam
x 50cm
long

basis of diameter. The 5 tip and stem samples ranged in average diameter
from 0.6-6mm; 5 layers were peeled off the trunk. Layers 4 and 5 (innermost) were thicker (1.75mm) than layers 1-3 (1mm). Due to the difficulty
of removing an even thickness of subsequent layers, 2/3 of the coral trunk
(averaged 20mm diam) still remained. The layers were cleaned of calcium
carbonate with 1N HCI, then rinsed thoroughly with distilled water. The
Gerardia samples were combusted using conventional techniques reported
previously (Griffin & Druffel, 1985).
The Corallium samples were cleaned aboard ship using a 1% solution
of clorox in sea water. At the WHOI laboratory, tips < 1mm in diameter
were snipped off the coral with wire cutters. The trunk of the coral (35mm
diameter) was sliced radially with a rock saw, and the individual slices were
photographed directly onto photographic paper with an enlarger. Bands
were clearly discernible (Fig 4);11 bands were selected that could be identified throughout the circumference of the trunk. They were marked
directly onto the coral, which was then sectioned with a small Dremel saw.
All of the Corallium samples were acidified using conventional techniques.
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Fig 2. Sketch of Gerardia showing tree-like
structure and build up of layers in trunk section

Fig 3. Sketch of corallium
noibe. Note that tips of
coral, where polyps are
positioned, all lie on one
side of the stems, facing the
direction of the current and
food source.
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Fig 4. Photograph of a thin section, taken using an enlarger, of a radial slice of the Corallium noibe trunk

The porous nature of the Paragorgia johnsoni specimen, led us to
suspect that using a basic cleaning solution (clorox) would lead to contamination by extraneous CO2. Thus, the samples were soaked in 0.1N HC1,
the polyps brushed off and the cleaned skeleton rinsed thoroughly with distilled water. Two samples from the tips (0-2.5mm),1 from the stems (2.514C.
4.0mm) and 1 from the entire diameter of the trunk, were analyzed for
Paragorgia
other
the
and
combusted
was
One of the smaller tip samples
samples were acidified.
The Lophelia specimens consisted of aragonite, as opposed to the calcitic composition of the other calcareous specimens. Both the brown and the
white Lophelia are from the same piece of coral, which was attached to the
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Corallium specimen. Supposedly, the brown specimen was diagenetically
altered when collected. Both Lophelia samples were cleaned in 1N HCl and
acidified in a similar manner to the Paragorgia samples.
14C
analyses were performed on 31 samples, which include duplicates
for the Corallium bands 6-1 and 5. CO2 gas was counted in a 200cm3 copper
gas proportional counter at 900mm Hg and 21°C (an average of 4 6-day
periods/sample). All the Corallium samples were counted as C02, as were
the smallest Gerardia tip (0-1.2mm) and the two smallest Paragorgia tip (02.5mm) samples. The remaining samples were counted as acetylene gas in
1.51 and 0.75L quartz gas proportional counters. These samples were
counted for an average of 4 2-day periods. z14C was calculated using the
convention of Stuiver and Polach (1977). 813C measurements were made on
each CO2 sample (acetylene samples were reburned to C02) using a VG
Micromass 602E mass spectrometer according to methods previously
described (Druffel, 1982).
RESULTS AND DISCUSSION

Radiocarbon measurements obtained for the four types of corals are
shown in Table 2. The results for the Gerardia are derived from tips/stems
and from trunk layers (Fig 5A, B). The O14C measurement of the smallest
tip sample (0-1.2mm diam) shows clearly the presence of bomb 14C (+58 +
13%) within the skeleton. Larger diameter sections of the stems reveal Q14C
values (range -47%o to -102%0) representative of prebomb levels present in
the subsurface waters of the North Atlantic (Broecker et al, 1960; Stuiver &
Ostlund, 1980).
The layers from the Gerardia reveal a wide range of Q14C values, from
-76%0 (L-1) to -189% (L-5). When plotted vs average distance from the
outside or growing edge of the trunk, a least squares fit of the O14C results
reveals a highly significant linear relationship (N=S, r=0.994, Fig SB). If
this decrease in O14C was simply a function of age, it would mean that the
coral was >3000 yr old, which would translate into a radial growth rate for
the trunk of 0.005mm/yr. This is far slower than the fairly rapid growth of
the stems with diameters between 1 and 6mm (Fig 5A).
Several assumptions have to be made before 14C data can be used to
calculate growth rate of deep-sea corals: 1) radial growth rate (mm diam/yr)
was constant during the period of observation, 2) there was no incorporation of bomb 14C into the trunk skeleton, and 3) 14C/12C ratio of the carbon
supplied to the skeleton remained constant throughout the life of the coral.
First, although the thickness of layers in the trunk of the coral are
approximately equal (1mm), we have no independent evidence, other than
the linearity of the 14C results, that shows that the radial growth rate was
constant during any period of the skeletal formation. Second, in view of the
similarity between L-1 and the stem samples (except for the tips), it is likely
that the assumption regarding no bomb 14C is valid. Third, the source of
carbon to the skeletons of deep-sea corals, especially those that accrete an
organic matrix, is largely unknown. The presence of bomb 14C in the tips
sample indicates that there is a surface-derived component (ie, phytoplankton, fecal pellets, marine snow) in their diet that eventually becomes part of
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TABLE 2
14C

813C

results are of CO2 for the small samples and
measurements of deep-sea corals.
reburned acetylene for the larger samples (see text).
Organic!

Woods
Hole
no.

202
143

203
155

169
197

198
199

200
201
146

205

204
168

192
193

Sample

&4C

Gerardia
+ 58
0-1.2 mm
54
1.2-2.5 mm
-102
2.5-3.5 mm
35
3.5-5.0 mm
88
5.0-6.0 mm
76
L-1
96
L-2
-111
L-3
-142
L-4
-189
L-5
Paragorgia johnsoni
60
0-2.5 mm
60
0-2.5 mm
-69
2.5-4.0 mm
72
trunk
Lophelia
(white)
75
(brown)
Corallium noibe

+1o inorganic
carbon

13

0

5

0

6

0

2.8

0

4

0

4

0

3

0

4

0

2.7

0

2.9

0

18

0

14

4

I
I
I

5

I

4

I

4

9

I
I
I
I
I

74

8

I

90

11

-100

9

89

8

81

8

83

8

554

tips

84

10

555

band 8
band 7
band 6-1 dup.
band 6-1
band 6-2
band S dup.
band 5
hand 4
band 3-1
band 3-2
band 2-1
band 2-2
band 1

74

13

78

11

87

9

.-85

558

556
557
583
581

560
616
582
615

613
614
617

87

7

88

10

-100

9

I
I
I
I
I
I
I
I

813C

Average stem Average distance
from trunk edge
diameter
(mm)
(mm)

6.57
3.19

3.10

1.94

3.76
3.59

2.62

the skeletal matrix. There is the possibility that they also incorporate carbon
from other sources, such as sediments or dissolved or particulate organic
matter in sea water, the 14C signatures of which are considerably older than
the surface-derived material (Emerson et al, 1987; Williams & Druffel,
1987). However, large variations in the incorporation of this older carbon
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Fig 5A. Radiocarbon results of the Gerardia in
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Fig 5B. Radiocarbon results of the Gerardia
trunk layers vs average diameter of the layers
(mm). A least-squares fit of the results is
shown by the line (see text for details).

would have to be envisioned to obtain the very low Q14C values observed in
L-4 and L-5. The S13C results resemble typical values observed in living
marine organic matter (Table 2). Clearly, Q14C analyses are needed from
the interior of the Gerardia trunk (6-12mm from trunk edge) to determine
whether the values continue to decrease with the observed slope. Measurements of other radioisotopes present in trace quantities (ie, 210Pb, possibly
230Th) might also be useful
for establishing whether or not the coral is indeed
millennia o ki
Layers from the Corallium noibe trunk show a range of 014C values
from -100 to -74%o (Fig 6). A least-squares fit of these data (N=13) reveals
a decrease of 15 ± 10%0 (90% confidence limits) from the outer edge (0mm)
to the center of the trunk (17.5mm). The range of 014C data from the outer
layers (-74 to -87%) is indistinguishable from values measured during
GEOSECS on water samples from the same density surface (o-0 = 27.38)
and latitude (Stations 31 and 33) in the North Atlantic (Stuiver & Ostlund,
1980). This similarity, in addition to the S13C values (Table 2) that resemble
those observed in DIC (Kroopnick, 1985), strongly suggest that the source
of carbon to Corallium noibe is DIC from sea water at the depth where the
coral grew.
Before a direct correlation between the observed 014C decrease (15 +
10%o) and age is made, a re-examination of the assumptions discussed above
is necessary. First, excess 210Pb concentrations in samples from the outer
8mm of this coral skeleton indicate that the growth rate was constant
(Druffel & King, ms in preparation). Second, the Q14C measurement from
the outer layers do not show the presence of bomb 14C (Stuiver & Ostlund,
1980). Third, it is reasonable to assume that the 14C112C ratio of the DIC in
North Atlantic subsurface sea water has been constant over the past several
centuries, in view of constant Q14C values observed (±10%0) in surface
corals from the Florida Straits (Druffel, 1982). Based on these assumptions
and the 15%o decrease, a radial growth rate of 0.13mm/yr is calculated for
the trunk and an age of 135±90 yr is inferred. This is within the limits of the
growth rate calculated from excess 210Pb, or 250±50 yr (Druffel & King,
ms in preparation).
.
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The 014C measurements of Paragorgia johnsoni reveal prebomb values
for the inorganic carbon (-60 to -72%0) and a postbomb value for the
organic carbon in the tips (+60%0). These results follow trends observed in
the Corallium and Gerardia samples, where the source of organic carbon to
deep-sea corals is, for the most part, from the surface ocean and that of the
calcium carbonate is DIC from sea water. The usefulness of Paragorgia is
limited, however, due to its porous structure and the possibility of calcareous accretion within the inner portion of the skeleton (Ted Bayer, pers
commun, 1983).
The Lophelia results were similar for the two specimens. We examined
any alteration of the L14C signal in a sample that had been diagenetically
altered (brown), with respect to the pristine sample (white). The results are
the same within error, indicating no effect on the L14C or s13C signature.
In summary, we conclude that the primary source of carbon to calcareous deep-sea corals is DIC from the surrounding sea water. These
corals can serve as recorders of the 14C/12C ratio of DIC at depth in the
ocean. Corals with skeletons that contain organic matter have significant
surface-derived carbon incorporated into their skeletons. These results
provide evidence to support the contention that deep-sea corals can be used
to obtain time histories of numerous transient (bomb 14C, 90Sr, Pu) and nontransient (180/160, 13C/12C, 210Pb) tracers in the deep ocean. For example,
ventilation of the main thermocline can be studied in three dimensions using
time histories of bomb 14C and 90Sr. Sampling remains a difficulty however.
Submersibles are the least destructive means for collection, but they are also
particularly restrictive in availability and cost. Archived specimens do exist
and we believe that feasibility studies similar to the one reported here will
further manifest their potential as recorders of deep-sea processes.
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