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SARSIA

Patterns of growth lines and the composition of stable oxygen and carbon isotopes were studied in
skeletons of the deep-water scleractinian Lophelia pertusa in longitudinal and transverse sections of
corallites. 8'*0 showed a significant, positive linear correlation with 83C. A gradual depletion of *O
and BC was found in the theca, both towards the corallite edge within single growth layers, and across
growth layers from the theca surface. 8'*0 was negatively correlated with the rate of linear extension.
These results indicated that isotopic fractionation in Lophelia is controlled by kinetic isotope effects.
The range of 6*0 was 3.5 times larger than expected for aragonite precipitating in isotopic equilibrium
with ambient sea water. However, the shape of the 8®0 curve along the growth axis in the septa was
almost parallel with the curve of sea water temperatures. This correspondence may be caused by a
relation between growth rate and temperature or other environmental variables correlated with tem-
perature. The 8'¥0 curve fitted best with the temperature curve when the pronounced growth lines were
assigned to the first quarter of the year. A 6 year growth line chronology was established for corallites
in one colony. Between 10 and 14 fine lines were counted between pairs of the more pronounced
annual lines in the septa. An average linear extension rate of 5.5 mm/yr was suggested based on meas-
ured distances between distal ends of adjacent growth layers in the theca. Colonies of Lophelia from
one locality were kept alive in aquarium for 18 months before analysis. Direct measurements on these
corallites showed that the linear extension decreased to 2.6 mm/yr.
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INTRODUCTION

The deep-water scleractinian Lophelia pertusa (L) has
been recorded from most seas except for the polar re-
gions (Jungersen 1917; Zisrowius 1980; Cairns 1994).
The colonies of this species often build large frame-
work constructions, called banks, bioherms or reefs. In
the northeast Atlantic Lophelia is often found near the
continental shelf edges at depths between 200 and 400
m (WiLson 1979a; Freperiksen & al. 1992; MoORTENSEN
& al. 1995) with temperatures generally between 4 and
8 °C and salinities between 33.5 and 35.2 (Dons 1944,
StroMerEN 1971; Eibe 1979). In the fjords of western
Norway and on the Swedish west coast Lophelia oc-
curs in shallower water but within the same tempera-
ture range (Dons 1944; CarLGrREN 1945; Burbon-JonEs
& Tawmss-Lycue 1960; Stromcren 1971). The highest
densities of Lophelia banks have been recorded oftf mid-

Norway (Hovianp & al. 1994, 1997) and around the
Faroe Islands (FreperikseN & al. 1992).

Lophelia pertusa has a branching skeleton with cy-
lindrical to conical shaped corallites having septa ar-
ranged in 3 cycles. As is common for most sclerac-
tinians, the skeleton is formed of aragonite crystals ar-
ranged into fan shape structures known as trabeculae.
The centres of calcification occur along the axis of the
trabeculae. The trabeculae have zones with a high den-
sity of aragonite crystals which appear white or opaque
in polarised light (Wamwricut 1964) and correspond
to the density bands described in massive coral genera
such as Porites and Montastrea (EmiLiant & al. 1978;
Le-Tissier & al. 1994). In the 1930°s, Carl Dons photo-
graphed and studied the growth lines in transverse sec-
tions of Lophelia from the Norwegian coast and fjords.
Unfortunately he never published any results on this topic.
One example of his photographs is shown in Fig. 1.
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Fig. 1. Transverse section of a corallite of Lophelia pertusa
from Roberg (station F), photographed by Cari Dons. Pub-
lished with permission of the Gunnerus Library, Trondheim.

W ainwright (1964) described the shape and orientation
of aragonite crystals in growth layers of Lophelia, but
did not discuss the timing of growth line formation.
Patterns of skeletal density banding in massive forms of
tropical hermatypic scleractinians (e.g. Porites spp.,
Montastrea annularis, and Pavona spp.) have been
described by several authors (e.g. Knutson & al. 1972;
Buddemeier & Maragos 1974; Buddemeier & Kinzie
1975; W ellington & Glynn 1983; Barnes & Devercux
1988; Barnes & Lough 1989 & 1993; Dodge & al. 1992;
Taylor & al. 1993; Le-Tissier & al. 1994; Lough &
Barnes 1996). However, growth and formation of
growth lines in deep-water ahermatypic corals have been
little studied (Duncan 1877; W ainwright 1964; Emiliani
& al. 1978; Wilson 1979b; Nagelkerken & al. 1997,
Freiwald & al. 1997). The formation of high-density
bands in massive hermatypic corals is generally accepted
to represent an annual phenomenon, generated by
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changes in the dimensions ofindividual skeletal elements
(EmiLiant & al 1978; B arnes & D evereux 1988). Banding
patterns in scleractinians are considered to have the
potential to provide a marine analogue to
dendrochronology and dendroclimatology (LE-TissiEr &
al. 1994) and have proved to be reliable proxy climate
recorders in species where the growth mechanisms are
well known (Loucu & al. 1997).

The isotopic composition of scleractinian skeletons
is a result of mixing between dissolved marine (inor-
ganic) carbonate and metabolic, or respiratory C02
which is relatively depleted in both 13C and 18. Vary-
ing isotopic compositions in scleractinian skeletons re-
flect variations in temperature, coral geometry, growth
rates and local isotopic regimes (Sw art 1983). For many
hermatypic scleractinians the composition of oxygen
isotopes is mainly controlled by the temperature ofthe
water in which the corals live. Coral skeletons are not
deposited in isotopic equilibrium with sea water bicar-
bonate (W eber & W oodhead 1970), but the oxygen iso-
tope composition of skeletal aragonite shows an overall
correlation with ambient temperature. This suggests a
more or less constant offset of the skeletons isotopic
composition from equilibrium values (W eber 1973).
However, internal skeletal differences and varying ‘vi-
tal” effects have complicated the interpretation of the
stable isotope records in many scleractinians. A wide
range of variation in isotopic compositions have previ-
ously been documented in Lophelia pertusa with 818)
values from -2.9 %o to 2.7 %o vs. PDB and 513C values
from -9.7 %o to -1.4 %o vs. PDB (W eber 1973;
Mikkelsen & al. 1982; swart 1983; Freiwald & al.
1997). The isotopic fractionation processes in Lophelia
are poorly understood.

Ahermatypic corals have no symbiotic algae support-

Fig. 2. Map ofthe study area showing the fjord (F) and shelf (S) sampling locations as filled circles.
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ing the growth. One should therefore
expect Lophelia to have a low growth rate
when compared with branching
hermatypic corals. However, previous
studies of Lophelia pertusa in the north-
east Atlantic have reported rates oflinear
extension between 4 and 25 mm/yr
(Duncan 1877; Wilson 1979b; M ikkelsen
& al. 1982; Freiwald & al. 1997).

The aim of this study is to describe
the relation between patterns of growth
lines and variation in oxygen isotope
composition in the skeleton of Lophelia
pertusa and to determine rates of linear
extension for corallites. The results will
hopefully help us to explain the great
variation ofpreviously published exten-
sion rates for Lopheliapertusa.

MATERIAL AND METHODS

Sampling o/Lophelia

Living Lophelia was sampled at one shelf
and one hord locality in mid-Norway (Fig.
2). Station S (63°55'55" N, 07°53'50" E)
is situated on the shelf, at the southern
part of the Sula Ridge. At this location
Lophelia was collected in September 1993,
at a depth of 275 m, near the summit of a
Lophelia bank. The sampling was
performed by Statoil (the Norwegian state
oil company) as part of the Haltenpipe
Development Project. Lophelia were
collected with a ROV (Remote Operated
Vehicle) equipped with a manipulator arm.
At station F, outside Roberg (63°30T7"
N, 10°00TS5" E), in Trondheimsfjorden,
Lophelia was sampled in August 1995, from
depths between 200 and 350 m with a
triangular dredge. Colonies from the two
localities are later referred to as shelf and hord corals. The
hord corals were kept alive in an aquarium at Trondhjem
Biological Station (Norwegian University of Science and
Technology) with constantly flowing sea water from a depth
of approximately 100 m. Skeleton for analysis was broken
from one of the colonies after 18 months in the aquarium
(March 1997). Monthly records of temperature and salinity,
back to 1964 at 200 m depth outside Roberg, were provided
by Jon-Arne Sneli of Trondhjem Biological Station.

pling sites.

Examination ofgrowth layers and lines

Examination of growth lines and layers and analyses of oxy-
gen and carbon isotopes were carried out on corallites closest
to the terminal corallites of branches. In this study ‘growth
line” is equivalent to the high density zone in the trabeculae,
and ‘growth layer’ refers to a distinct group of growth lines.
All studied corallites were approximately the same size, ex-

5 mm
Theca
11 13 15 17 19 21
Sample no.
Longitudinal
Theca surface sample range
Sample no.

5 mm

Fig. 3. Sampling sites in longitudinal sections of Lophelia corallites. A: Skel-
eton from station F used for sampling of septal aragonite, showing the division
of corallite FI into a distal and a proximal part. B: Schematic drawing of the
longitudinal section of corallite FI showing the pronounced growth lines and
the sampling sites of series Fib. C: Drawing of a longitudinal section of the
theca of corallite SI from the shelfshowing pronounced growth lines and sam-

tending about 1.5 cm out from the main branch. Longitudinal
and transverse sections, about 3 mm thick, were cut with a
rotating diamond saw and embedded in polyester resin. Sec-
tions were made both of the primary septa with connected
theca, and of the theca between the septa. The sections were
ground with coarse emery paper (grade 150) to a thickness
of ca 1 mm, and attached to a slide with resin. The sections
were then honed on successively finer emery paper (grades
200, 400, 500, and 700) to a thickness of about 80 pm, and
polished. Sections of seven corallites were examined under a
binocular microscope with transmitted and polarised light,
and photographed or drawn. Distances between the distal
ends of adjacent pronounced growth layers in the theca were
measured. Some of the live corallites in the fjord coral were
damaged by the dredging. One broken corallite was used as an
approximate marker of the sampling date. The remains of this
corallite were covered with new skeleton laid down by the
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Fig. 4. Photograph of longitudinal section of corallite F3 from Trondheimsfjorden. The arrows point to the distal ends of
growth layers. A, and numbers 1to 5 refer to the extension intervals in Table 1.

adjacent corallite during the time in the aquarium, and its
outer broken growth layer continued into its living neigh-
bour. Linear extension in the aquarium could, therefore, be
measured from this mark on some of the slides. Linear
extension of two corallites was also measured directly in the
aquarium as the distance between the corallite edge and a
reference point on the skeleton. Measurements were made
in mid-October 1995, 18 December 1996 and 26 May 1997.

Table 1. Distance (mm) between distal ends ofadjacent growth
lines in seven corallites of Lophelia pertusa. F1-F3: corallites
from Trondheimsfjorden. S1-S4: corallites from the shelf. Ex-
tension interval A represents growth in the aquarium. Exten-
sion interval number 1 starts from the August 1995 layer in
the fjord coral, and from the corallite edge in the shelf corals.

Specimen A 1 2 3 4 5

FI 33 0.8 5.2 6.9 9.5 9.9
F2 33 1.0 4.9 4.6 7.4 -

F3 3.7 1.1 4.6 5.1 8.6 10.6
Average 34 1.0 4.9 5.5 8.5 10.3
SI - 1.3 53 3.6 7.1 6.2
S2 - 1.3 3.9 35 5.6 -

S3 - 1.5 3.9 3.0 43 52
S4 - 1.1 2.6 1.7 52 3.9
Average - 1.3 3.9 3.0 5.6 5.1

Sampling ofskeletal aragonite and analysis ofoxygen
and carbon isotopes

Three series of samples of skeletal aragonite were ground
out from the theca (SI, S4a and Fia) and two from the
septa (S4b and Fib) using a dental grinder.

Sampling of aragonite in the septa. Before sam-
pling of aragonite in the septa, the outer 35 mm of corallite was
divided into a distal (youngest), and a proximal (oldest) part
with lengths of 15 and 20 mm, respectively (Fig. 3A). Remains
of animal tissue were removed by soaking the corallite parts in
‘Klorin’ (10 % NaClO) for 15 h. Prior to sampling, the corallite
parts were washed in distilled water and dried. A series of 30
samples from the fjord coral (Fib) was taken from the septa
starting at the distal end, proceeding down to 35 mm below the
corallite edge. Samples were taken from corresponding areas
in several septa to get sufficient aragonite for isotope analysis.
To avoid breakage while sampling, a longitudinal section con-
taining five septa was cut out from the distal part (F1b, sample
1-15) and embedded in resin. Each sample represented between
0.6-1.5 mm in longitudinal direction and 2-3 mm in transverse
direction (Fig. 3B and Table 3). To check for possible effects
of the resin on the isotope analysis, a control sample of septa
without resin was ground out from between 5 and 6 mm below
the corallite edge. The proximal corallite part (Fib, sample 16-
30) was too narrow to be sectioned longitudinally without de-
stroying the septa. Instead, the theca were partly removed
by grinding to expose the septa. The septa in this corallite part
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Fig. 5. Photographs of Lophelia skeleton sections. A and B: Longitudinal sections of the theca of corallite F3. C: Transverse
section of corrallite SI taken 3 cm below the corallite edge. D: Longitudinal section of'the theca of corallite SI. a, b, and were

photographed with polarised light.

were not embedded in resin. Sample series S4b consisted of
four samples successively ground out from the corallite
edge down to 4 mm below.

Sampling of aragonite in the theca. A series
of 15 samples was ground out successively across the theca
wall 1.5-2.0 cm below the corallite edge in the shelf coral
(SI) (Fig. 3C). A section, 2 mm thick, was cut out before
sampling. Each sample of this series was 5 mm long, and
0.2-0.5 mm wide. The sample series Fia, and Sla consisted
of 4 samples, each ground out at different distances from
the edge of the corallite (Table 2). These samples were
taken from the outer growth layer and were about 1 mm
long, and 0.5 mm wide.

Analysis ofoxygen and carbon isotope ratios

The samples were analysed at the Department of Geology,
University of Bergen, with a Finnigan MAT 251 mass
spectrometer with automatic carbonate preparation line
for small sample measurements. Carbonate samples (down
to ca 20 pg) were reacted with 100 % phosphoric acid, and
evolved C02gas was collected and purified in cryogenic
traps prior to 13C and 18 analysis. The 18 /160 ratio was
expressed using the standard 6 notation:

W/ ,-1/10t,,

01 ®/ .

x 1000 (%0)

where positive values indicate enrichment in the heavier iso-

tope. The 180 /160 ,, . . refers to the value obtained from
standard Peedee Belemnite (PDB) for carbonate samples,
and Standard Mean Ocean Water (SMOW) for water
samples. The I3C/IX ratio was expressed using the same
standard 6 notation.

Determination of temperature and oxygen iso-
tope ratios in carbonates precipitating in iso-
topic equilibrium with ambient sea water. As-

suming that coral carbonate precipitates in isotopic equilib-
rium with ambient sea water, temperature can be estimated
from skeletal 618 values by applying the palacotemperature
equation developed by Epstein & al. (1953) and later rewrit-
ten by Shackleton (1974):

t= 169 - 438 (dc- 6w + 0.10 (dc- OW2

where Ocis the 618) value of aragonite and 6wis the 618 of
the ambient water. 6wvalues were calculated using the rela-
tionship: 6w= (0.235 +S) - 8.0, derived from Israelson &
Buchard (1991). This relationship gives éwvalues o f-8.0 %o,
and 0.25 %o vs. PDB for salinities of 0 and 35.4, respectively.
Calendar age was assigned to the samples from the fjord coral
septa based on their position relative to the pronounced growth
lines. Equilibrium values for 6c were calculated from the
palacotemperature equation by applying measured tempera-
tures and salinities from station F.
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Fig. 6. Relationship between 8'*O and 8'°C in the septa and the theca from the shelf

and the fjord corals.

RESULTS

Description of growth line patterns

Alternating white and dark lines were observed in both
the transverse and the longitudinal sections of the theca
and the septa (Figs 4 & 5). Growth lines appeared clear-
est in polarised light with a white or opaque colour (Fig.
5B, D). The growth layers in the theca were about
0.5 mm wide, parallel, and separated laterally by 0.2-0.5
mm. The resolution of growth layers and lines was clear-
est in sections less than 100 um thick. Growth layers
and lines terminated distally with a sharper curvature in
the theca than in the septa (Fig. 5B, 5d). The number of
growth layers in the theca increased from 1 near the
corallite edge up to 5, at ca 2 cm below the edge. The
length of the growth layers was difficult to measure
since they appeared less pronounced near their proximal
end. However, in two specimens (F3 and S1) the outer
growth lines were clearly visible, and measured 2.5 cm
and 1.7 cm respectively. The growth lines in the theca
were continuous with the growth lines in the septa (Fig.
5B, 5D). Examination under polarised light of thin lon-
gitudinal sections of septa revealed that the pronounced
growth lines in the septa consisted of 2-6 finer lines, ca
0.1 mm thick. The extension interval (distance between
the distal ends of growth layers) consisted of between 9
and 14 fine growth lines (Fig. 5B, 5D). These fine lines
were best observed in the septa but were also present in
the theca (Fig. 5D). Fig. SB shows that fine lines were
also formed in the corals growing in the aquarium, but
pronounced growth lines were less developed. How-
ever, the fine lines were difficult to discriminate in most

r 25 sections of septa from both the shelf
and the fjord coral.
4 - 2.0 Five pronounced growth layers
were found proximal to the ‘stress’-
L 15 related layer representing the sam-
pling date line in the theca of fjord
1o g corallite F1. One pronounced line
© % wasfound distally to the ‘stress’ line
% (Figs 4; 5A, B). The distance be-
- 05 % tween the distal ends of adjacent pro-
a nounced growth lines (extension in-
0.0 tervals) suspected to represent
2.0 yearly linear extension, varied be-
L 05 tween 1.7 and 10.6 mm in the sea
(interval 2-5, Table 1), with an aver-
L 1o age of 5.5 mm. The distal extension
% ’ interval (A) in the fjord coral (F1-
2.0 F3) represented two extension se-

quences formed during the 18 months
in the aquarium. The length of this
interval was about 3.4 mm (Table 1).
Direct measured linear extension of
two corallites in the aquarium was 3.1 and 3.3 mm be-
tween mid-October 1995 and 18 December 1996, and
0.8 and 0.5 mm between 18 December 1996 and 26
May 1997. This gave a total linear extension of 3.9 mm
for the period in the aquarium. Extension interval 1 rep-
resented the growth sequence interrupted by the sam-
pling. In the shelf coral (S1-S4) this interval was the
most recent and incomplete growth sequence. The length
of interval 1 was almost equal for the shelf and the fjord
coral, and varied between 0.8 and 1.5 mm. The sus-
pected yearly linear extension was, on average, 4.3 mm
in the shelf coral and 7.0 mm in the fjord coral. The
length of extension intervals decreased towards the
corallite edge in all corallites.

Composition of stable oxygen and carbon isotopes

The 8'%0 values in the skeleton varied between —0.89
and 2.10 %o vs. PDB (Tables 2, 3), with an average of
0.21 %o. The §"*C values varied between —7.95 and
—1.64 %o, with an average of —6.27 4. 8'*0 showed a
significant, positive linear correlation with 8°C (R? =
0.83, p < 0.0001, n = 57). Average values were calcu-
lated without the distal sample from the septa of the
fjord coral (F1b-1, Table 3), which had a low 8'%0 value
(=1.93 vs. PDB), and a high §"*C value (-5.05 %o vs.
PDB), lying far outside the range of the other samples
of septa (Fig. 6). This was most probably due to a
sampling artefact, maybe caused by too low content of
aragonite in the sample. This sample was, therefore, not
included in the discussions. Highest correlation between
§'%0 and 8"C was found for samples from the theca of
the shelf coral (R2=0.91, p <0.0001, n =19). On aver-



age, *C was enriched by 0.74 %o
in the septa compared with the
theca, while '"*O was only 0.03
%o enriched. The average oxygen
and carbon isotope ratios in the
shelf coral were 0.56 %o and
1.75 %o respectively, enriched
compared with the fjord coral.
%0 and "*C in sample series Fla
and S4a, from the outer growth
layer in the theca, were gradu-
ally depleted towards the
corallite edge (Table 2). The
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sample series across the corallite
wall showed a marked decrease
in 3'*0 towards the inner layer
of the theca with steps associ-
ated with the border lines be-

DISTANCE FROM SURFACE OF THECA (mm)

Fig. 7. 8'%0 values in the theca of corallite S1 vs. distance from the theca wall surface
in samples taken 1.5-2.0 cm behind the corallite edge. Samples covering the border
line between growth layers are indicated with filled rectangles.

tween growth layers (Fig. 7). Fig.

10 shows the relation between 8'*0 in the septa and the
length of linear extension intervals. Extension interval A
and 1 are not included in this figure, since these do not
represent natural conditions or full extension intervals.
'"*O was more enriched in samples from the short
extension interval (2 and 3) than in the long growth
sequences (4 and 3). 8'*0 approached the equilibrium
value when the rate of linear extension decreased.

Skeletal 6 °O correlated with ambient temperature and
equilibrium 6 30O

Measured temperature and salinity at 200 m depth at
station F are shown in Fig. 8, and estimated skeletal
8'%0 in isotopic equilibrium with ambient sea water are
shown in Fig. 9, together with measured 8*0O and 8“C.
The average measured skeletal 'O was 2.44 %o depleted
compared with equilibrium values for 880 expected
from the observed temperatures and salinities (Fig. 9).
The range of 880 values was 2.99 %o vs. PDB in the
shelf coral and 1.54 %o in the fjord coral. These ranges
were about 3.5 times larger than expected for precipita-
tion in isotopic equilibrium with ambient temperature
and salinity, and correspond to temperature ranges of
13 °C and 7 °C, respectively. However, there was a
high degree of similarity between the shape of the %0
curve along the growth axis in the septa from the fjord
coral and the sea water temperatures over the period
1990 to 1996 (Fig. 9). The 80 curve fitted best with
the temperature curve when the pronounced growth
lines were assigned to the first quarter of the year. This
correspondence was found by standardising the lengths
of the growth sequences. A pronounced temperature
fallin spring 1993 was clearly reflected by a corresponding
increase of 8'*0, and was used for assigning dates to
the sample sites F1b-15 and F1b-16. No clear differ-

Table 2. 8"*C, and 8'*0 (%o vs. PDB) in successive samples
across the growth lines in theca of a corallite from the shelf
coral (S1-1 - S1-15), and in samples taken at different inter-
vals in the outer growth layer in the theca of the fjord coral
(Fla), and the shelf coral (S1 and S4).

Distance from Distance from
corallite edge  theca surface

Sample no. (mm) (mm) 31 C [ ®)
S1-1 15-20 0.00 - 0.05 -4.33 1.33
S1-2 - 0.05-0.10 -4.56 1.10
S1-3 - 0.10 - 0.15 -4.77 0.80
S1-4 - 0.15-0.20 -5.58 0.36
S1-5 - 0.20 - 0.25 —6.67 0.64
S1-6 - 0.25-0.30 —6.07 0.03
S1-7 - 0.30 - 035 —6.13 0.12
S1-8 - 0.35-0.40 -6.39 -0.06
S1-9 - 0.40 - 0.55 —6.17 0.10
S1-10 - 0.55-0.70 -7.06 -0.44
S1-11 - 0.70 - 0.85 -7.58 -0.89
S1-12 - 0.85-1.15 =731 -0.65
S1-13 - 1.15-1.45 -7.55 -0.60
S1-14 - 1.45 - 1.65 -7.34 -0.66
S1-15 - 1.65-1.90 =728 -0.77
Average S1 -6.32 0.03
S4a-1 0.0-1.0 0.0-05 -3.91 1.34
S4a-2 3.0-4.0 - —4.46 0.94
S4a-3 6.0-7.0 - -1.64 2.10
S4a-4 9.0-10.0 - -2.88 1.28
Average S4a -3.22 1.42
Fla-1 0.0-1.0 0.0-05 -791 -0.81
Fla-2 5.0-6.0 - -7.79  -0.47
Fla-3 10.0-11.0 - -6.02  -0.07
Fla-4 20.0-21.0 - —4.19 0.51
Average Fla -6.48 -0.21
Average Theca -5.81 0.23
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sampling rate and accuracy used
in this investigation was too low
for assigning dates of samples
based on the typical small sea-
sonal variation in the 80 value
of the ambient water. In this
study, a sudden change in tem-
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Fig. 8. Monthly temperature (solid line) and salinity (dashed line) data from 200 m

depth at station F from January 1990 to July 1996.

ence was found between the §'%0 values in samples
covering the pronounced growth lines and the other
samples within the corresponding growth sequence (Fig.
9). The control sample of septa not embedded in resin
had a 8'30 value of 0.78 4 and a 8"C value of —6.34 %o
vs. PDB which means an enrichment of 0.12 %o and a
depletion of 0.17 %o of 80 and *C respectively, com-
pared with the corresponding sample with resin (Fig. 9).
This was less than the variation between samples from
growth sequence 1 and 2, between 4 and 14 mm from
the edge of the corallite.

DISCUSSION
Methods

Accurate time-series profiles of skeletal 8"*C and 80O
can be used to estimate yearly growth rates and confirm
the presence of annual temperature cycles (DunBar &
WELLINGTON 1981; DUNBAR & al. 1994; LEDER & al. 1996;
WELLINGTON & al. 1996). High sampling resolution is
crucial for the representation of cyclic variations in the
8"0 values along the skeleton’s growth axis (FAIRBANKS
& DobpGE 1979; WINTER & al. 1991; LEDER & al. 1996;
WELLINGTON & al. 1996). The highest possible number
of samples per growth sequence depends on the rate of
skeleton extension, and the size of samples that can be
analysed. Sampling of skeletal aragonite from Lophelia
was more difficult to perform within the narrow growth
layers in the theca than in the septa where the growth
lines were wider apart. Sampling with a drill provides
samples larger than ca 0.5 mm, which includes the whole
width of layers in the theca, or may lead to bulk sam-
pling of several layers. Increased sampling resolution
along the growth axis can be facilitated by grinding out
aragonite across the septa parallel to the growth lines.
The broad curvature of the distal termination of growth
lines in the septa provides controlled sampling of corre-
sponding parts of growth layers.

Knowing the year of formation of certain layers or
lines in the skeleton is essential for comparison of envi-
ronmental records from different coral colonies. The

perature and salinity between
January and March 1993 (Fig.
8) was used as a natural marker
of the skeleton. Marking of
density bands in skeletons of
hermatypic scleractinians has previously been per-
formed by staining techniques (BUDDEMEIER & KINZIE
1975: BArNEs & LouGH 1993) and inclusion of radiogenic
isotopes (KnuTson & al. 1972).

T
1995 1996

Carbon and oxygen isotope fractionation in Lophelia
pertusa

The values of 8'*0 and 8"C in the skeletons of Lophelia,
used in this study, varied within the range of previously
published results (WEBER 1973; MIKKELSEN & al. 1982;
SwaRrT 1983; FREIWALD & al. 1997). Variations of 8'*0O
in Lophelia larger than expected from the variations of
ambient sea water temperatures have been attributed to
‘vital” effects or isotopic disequilibria (MIKKELSEN & al.
1982; FrRewaLD & al. 1997). Isotopic disequilibria are
classified according to the contribution of two patterns,
designated ‘metabolic’ and ‘kinetic’ isotope effects
(McConnauGHEY 1989). The positive linear correlation
between 8'*0 and 8"*C found here was in agreement
with previous studies on the isotopic composition of
Lophelia skeletons by WEBER (1973), MIKKELSEN & al.
(1982), SwarT (1983), and FREiwALD & al. (1997). This
pattern is commonly found in carbonates showing mainly
the kinetic pattern (McCoNNAUGHEY 1989). MIKKELSEN
& al. (1982) propose that the slope of 8'*C/8"0 varies
depending on the geographical origin of the specimen,
and may reflect differences in the organism’s growth
response to various types of oceanic conditions.
EmiLiant & al. (1978) report that the abundance of "*C
and 'O is inversely related to growth rate in the soli-
tary deep-water coral Bathypsammia tintinnabulum with
both carbon and oxygen approaching equilibrium val-
ues with increasing age. SwWART (1983) records extreme
negative values of '*O and "*C at the edge of corallites
in Lophelia, and proposes that this is due to variations
in growth rate. In this study, the gradual depletion of
%0 and "C towards the corallite edge within a single
growth layer in the theca indicated increasing kinetic
effects towards the most rapidly growing areas within a
polyp. This pattern probably also existed along the
growth lines in the septa since the skeletal extension
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decreased significantly towards the proximal ends of a
growth layer.

One main problem using deep-water corals as envi-
ronmental recorders is that the isotopic fractionation
can vary widely within a particular coral individual
(EmiLiant & al. 1978; Swart 1983; Smitu & al. 1997),
and between difterent skeletal elements (septa, thecae,
and columella) (Lanp & al. 1977). Lanp & al. (1977)
found variations of 3.1 %o in 6*C, and 0.4 %o in 8'30
between samples from the septa, thecae and columella
in a colony of Tubastrea aurea. They also found that
the septa of the caryophyllids Caryophyllia spp., and
Desmophyllum riisei, are enriched in both *C and *O
relative to their respective bulk corallites. Our results
agreed with this only for *C, while the abundance of
80 in the septa was not different from the theca. These
variations are most probably due to the different geom-
etry of the skeletal elements (Swart 1983).

What controls the oxygen isotope com-
position in Lophelia? Itis well established that
temperature, through normal equilibrium fractionation
processes, affects the 8'%0 value of coral skeleton (WEeBer
& WoopHeaD 1970; WeBer 1973; Swart 1983). Varia-
tion in sea water salinity also has an effect on the 6'%0
value of coral skeleton since the 830 of sea water largely
depends on the salinity. However, the variation in sa-
linity at 200 m depth at the fjord locality was only 0.6
psu and contributed an additional expected variation of
850 of only 0.04 %o vs. PDB. Previously published
values for 830 in Lophelia skeletons range from —2.85
t02.53 %o vs. PDB (WEBER 1973; MikkeLseN & al. 1982,
Swart 1983; FrErwaLD & al. 1997), which according to
the temperature-8'°0 relation described by SHACKLETON
(1974) correspond to a temperature range of 23 °C.
However, Weeer (1973) found a range of average 6'%0
values of 1.15 %o in Lophelia colonies from different
localities. When corrected for a constant displacement
0f2.5 %o these values correspond to a temperature range
from 6 to 11 °C, which is in good agreement with meas-
ured sea water temperatures (StroMGREN 1971; Eipe
1979). The average 830 value presented in this study
corresponded to a displacement from estimated tem-
peratures of about 2.42 %o, corresponding to 10.5 °C,
which is in accordance with the results of Weger (1973).
However, the range of 8'%0 corresponded to a
temperature range of approximately 13 °C, assuming
precipitation in equilibrium with the sea water. This was
3.5 times larger than the measured temperature range.
This large discrepancy was probably caused by kinetic
isotopic effects as a result of varying growth rate. This
conclusion was also supported by the correlation be-
tween average 6'°0 and the length of extension intervals
in the septa (Fig. 10).
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Rates of linear extension for Lophelia pertusa

The presence of three pronounced growth lines in the
fjord corallite F1, between the sampling site with a
marked rise of &30 (F1b-17) and the “stress’ related
line representing the sampling date (F1b-5), agreed with
the number of years. The pronounced line between the
“stress’ line and the end of the septa in this corallite was
probably an annual line formed in 1996. These results
strongly indicated that the pronounced growth lines

Table 3. Values (%o vs. PDB) of 8'*C, and 8'%0 in successive
samples across the growth lines in septa of a corallite from
the fjord coral. Samples 16-30 were taken from septa embed-
ded in polyester resin. ®: sample not included in calculation
of average values, %: samples from pronounced growth lines.

Distance from

Sample no  corallite edge (mm) 3¢ 8120
Flb-1® 0.0-0.7 -5.05 -1.93
F1b-2 07-13 -7.35 0.00
F1b-3 1.3-1.9 -6.98 0.32
F1b-4 ** 1.9-2.7 —-7.03 0.22
F1b-5 2.7-3.6 -6.71 0.48
F1b-6 ** 3.6-46 -6.17 0.49
F1b-7 46-538 -6.17 0.66
F1b-8 58-72 —-6.61 0.41
F1b-9 7.2-8.38 -5.73 0.73
F1b-10 88-99 —-6.20 0.34
F1b-11 * 9.9-11.0 -6.33 0.53
F1b-12 11.0 - 12.1 —6.41 0.27
F1b-13 12.1-13.2 -5.89 0.64
F1b-14 13.2-14.2 —7.00 0.47
F1b-15 14.2-15.0 -7.29 0.56
F1b-16 * 15.0 - 16.3 —-7.06 -0.09
F1b-17 16.3-17.6 -7.70 -0.10
F1b-18 17.6 - 18.9 -7.24 -0.43
F1b-19 18.9 - 20.2 —7.40 -0.17
F1b-20 20.2 - 21.5 —7.70 -0.57
F1b-21 21.5-22.8 —7.44 -0.32
F1b-22 22.8-24.1 —7.84 -0.28
F1b-23 * 24.1-255 -7.56 -0.62
F1b-24 25.5-27.0 -7.95 -0.60
F1b-25 27.0 - 28.5 -7.39 -0.62
F1b-26 28.5 - 30.0 -7.31 -0.32
F1b-27 30.0-31.4 -7.56 -0.49
F1b-28 * 31.4-328 -7.55 -0.62
F1b-29 32.8-33.9 -7.53 —-0.34
F1b-30 33.9-35.0 -7.77 -0.57
Control 5.0-6.0 -6.34 0.78
Average F1b -7.04 0.03
S4b-1 0.0-1.0 -2.67 1.83
S4b-2 1.0-2.0 -2.99 1.49
S4b-3 2.0-3.0 -3.62 1.30
S4b-4 3.0-40 -3.57 1.58
Average S4b -3.62 1.55
Average Septa -6.55 0.20
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were formed annually, and that
the distances between adjacent
distal tips represented yearly lin-
ear extension. All examined
corallites from the same locali-
ties showed more or less similar
patterns with approximately the
same distances between equiva-
lent growth lines. The average lin-
ear extension rate of 5.5 mm/yr
was close to the value of 6 mm
suggested by WiLson (1979b),
based on his own observations
together with earlier observa-
tions of young specimens on ca-
bles. The isotopic studies by
MIKKELSEN & al. (1982) and
FrewaLD & al. (1997) however,
indicate extension rates of up to
25 mm/yr. This is surprisingly
high and comparable to many
tropical hermatypic corals. The
estimates presented by these au-
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Fig. 10. Values of 8"0 for linear extension intervals in the septa vs. rates of linear
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extension intervals. The line crosses the 8O axis at ca 2.40 %o vs. PDB, which is the
estimated oxygen isotope ratio for carbonate precipitating in isotopic equilibrium with
the surrounding water.

thors are based on sampling of

the theca, and are most probably

caused by bulk sampling of more than one layer. Moreo-
ver, FREWALD & al. (1997) sampled at intervals of about
4-6 mm, which cannot detect oscillations in the 80
signal within intervals as short as 5-10 mm. MIKKELSEN
& al. (1982) report an extension rate of 25 mm/yr for a
specimen from Reberg. Their results are based on 28
samples taken at | mm intervals. However, these sam-
ples do not represent a true time series since the dis-
tance between the thecae surface and the drilling hole,
varied without control on which layer (or layers) the
samples represent.

The rate of linear extension decreased gradually to-
wards the corallite edge (Table 1). This growth pattern
is similar to what has been found for other ahermatypic
scleractinian (EmMiLIANI & al. 1978; NAGELKERKEN & al.
1997) and is probably a common ontogenetic feature
for many corals.

The range of 8O was larger in the shelf coral (2.99
%o vs. PDB) than in the fjord coral (1.54 %o vs. PDB). A
similar pattern was found by MIKKELSEN & al. (1982)
with a range of 5.5 %o vs. PDB in corals from the mid-
Norwegian shelf and 1.5 %o in corals from Trondheims-
fjorden (station F). This suggests that corals from the
mid-Norwegian shelf have more variable linear exten-
sion rates than corals from Trondheimsfjorden. How-
ever, this pattern was not reflected in the variation of
extension interval-lengths.

Possible causes of growth-line formation in Lophelia

The annual high-density bands in massive hermatypic
scleractinians bands are generally depleted in '®0, and
are believed to be formed in the period of highest water
temperature (EmiLiant & al. 1978; FairBanks & DobpGE
1979; WiNTER & al. 1991, and many others). In our
study, comparison of the 8'*O curve with a rescaled
growth axis and temperature curve indicated that the
pronounced growth lines were formed during the first
quarter of the year. This was the time of year when
temperature at 200 m depth at station F was falling and
salinity was rising (Fig. 8). Assuming that the fine lines
were formed regularly, reduced distances between the
fine lines within the pronounced growth lines indicated
that formation of these annual lines was related to re-
duced growth. Consequently, the 880 should be rela-
tively high in the skeleton associated with these lines.
However, we did not find this pattern in our results, but
too low sampling resolution (around 1 mm) probably
masked the true 6'*0 values. More sophisticated sam-
pling techniques may provide measurements of the iso-
topic composition of the fine lines. In addition to tem-
perature, reproduction and variations in food-supply
have also been linked to high density bands in tropical
scleractinians (WELLINGTON & GLYNN 1983). Unfortu-
nately, almost nothing is known about the reproductive
biology and food preferences of Lophelia.
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The causes of formation of fine growth lines in
Lophelia are not known, but Scrurton (1965) and
CrarksoN (1979) report that the number of septal growth
ridges (fine lines) was correlated with the lunar cycle.
Fine bands within the seasonal bands have been de-
scribed in many hermatypic scleractinians e.g. Porites
and Hydnophora (Buppemeier & Kinzie 1975; Barnes
& Loucnu 1989; Barnes & Louch 1993). Better tech-
niques for examination of growth lines and experimental
use of markers in the skeleton are required for drawing
conclusions on the number and possible causes of the
formation of fine lines in the skeleton of Lophelia.

Implications for description of environmental conditions
in the past

Skeletons of many hermatypic scleractinians have
proved to be reliable paleothermometers by means of
oxygen isotope ratios, and extension rates, and have
been successfully used as a tool for describing both
paleohistoric and recent environmental changes
(Anaron 1983; Dunear & al. 1994; Loucn & BarnEes
1996).

Earlier studies of banding patterns in tropical coral
skeletons have covered time series ranging up to 507
years (Loucu & Barnes 1996). Living Lophelia banks
on the Norwegian shelf have existed for the last 8 000
years (MikkeLseN & al. 1982; Hovianp & al. 1996).
The branched colonies of Lophelia are easily broken
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