
References and Notes 

1. P. Lonsdale, Deep-Sea Res. 24, 857 (1977). 
2. J .  B. Corliss et al.. Science 203. 1073 (1979) 
3. K. K. Turekian, J K. Cochran, Y. Nozaki, 

Nature (London) 280, 385 (1979). 
4. J .  F. Grassle et al.. Ocennus 22 (No. 2). 2 

(1979). 
5. K. J .  Boss and R. D. Turner, Mdacologic~ 20, 

161 (1980). 
6. K. K. Turekian, D. P. Kharkar, J .  Thomson, 

Final R e p o ~ t  ARPA Order No .  1793, Contract 
N00014-67-A-0097-0022 (1973). (Copies are 
available from K.K.T.) 

7. J .  K. Cochran, D. M Rye, N.  H. Landman, 
Paleobiology, in press. 

8. This research was supported by NSF grant 
OCE-7939254. 

* present address Woods Hole Oceanographic 
Inst~tutron, Woods Hole, Mass 02543 

15 May 1981, revised 8 September 1981 

Growth of Bivalves at Deep-sea Hydrothermal Vents 

Along the Galapagos Rift 

Abstract. Direct measurements of shell growth of an unclassified mussel from 
active hydrothermal vents along the Galdpagos Rift reveal growth rates of approxi- 
mately I centimeter per year for mature specimens. The largest mussel collected 
(with shell length of 18.4 centimeters) was estimated to  be 19 2 7 years old at the 
time of sampling. Recorded growth rates are among the highest documented for 
deep-sea species. 

Most communities of abyssal benthic 
organisms from soft, bottom sediment 
habitats are characterized by low densi- 
ties of small deposit feeders. In these 
communities biological processes, such 
as metabolism, growth, colonization, 
and birth, are known to be slow in com- 
parison with processes in shallow-water 
ecosystems (1, 2). The faunal assem- 
blages discovered in 1977 around deep- 
sea hydrothermal vents along the Gala- 
pagos Rift are different from all earlier 
studied deep-sea communities; they are 
dominated by dense aggregations of 
large epifaunal suspension-feeding or- 
ganisms that live on hardened lava 
around active thermal springs. Many of 
the organisms encounter temperatures of 
12" to 17°C and apparently feed on dense 
suspensions of chemosynthetic bacteria 
that obtain energy from the earth's inte- 
rior through oxidation of metal sulfides 
which emanate from the vents (3, 4). 

A major goal of the Galapagos Rift 
research program is to  compare rates of 
biological processes at  the vents with 
rates in other deep-sea and shallow-wa- 
ter ecosystems. In this report, we sum- 
marize results of the first direct measure- 
ments of growth of an organism from the 

Fig. 1. Total and mean daily increase in shell 
length for mussels of different sizes. (A) 
Growth of adult mussels: a plot of the relation 
of shell length at the time of marking (abscis- 
sa) and the increase in shell length after 294 
days (N = 10). Inset drawing defines the 
measurements for the x and y coordinates. 
Dashed lines are the 95 percent confidence 
limits for the regression line. (B) Increase in 
shell length of adult mussels (as above) and 
juvenile mussels (N = 9) recovered from mi- 
crobiological sampling equipment deployed 
for 297 days. An initial settling size of 400 p,m 
is assigned for the juvenile specimens. 
Dashed lines are the 95 percent confidence 
limits for the regression. 
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hydrothermal vent areas. The studied 
organism is a presently unclassified mus- 
sel (Bivalvia; Mytilidae), a species which 
dominates the vent fauna in both num- 
bers and biomass (5 ,  6). 

Two techniques exist for obtaining 
growth rates in skeletonized deep-sea 
benthos: radiochemical dating (2, 7) and 
mark-recapture. For  this study we em- 
ployed the mark-recapture technique for 
the first time in the deep sea. The shells 
of living mussels at the vent area known 
as Mussel Bed (6) were abraded with a 
file along their posterior margins on 12 
February 1979 with the use of the manip- 
ulator arm of the deep-sea research ves- 
sel Alvin (dive 887). All file-marked spec- 
imens were located within a single clump 
of mussels that was identified with a 
cube-shaped wire marker and recovered 
by Alvin on 3 December 1979 (dive 986) 
after 294 days. The filing resulted in 
different degrees of marking success. 
Some mussels showed definite evidence 
of rasp grooves on the abraded region of 
the shell, and these are identified in Fig. 
1A as clearly marked specimens. Mus- 
sels with an abraded shell edge but with- 
out evidence of grooves cut by the file 
are labeled as  probably marked speci- 
mens (Fig. 1A). Mussels from the 
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Fig 2 The ontogenet- 
IC growth curve for 
mussels from Mussel 
Bed based on the 
sue-spec~fic growth 
rates summarlzed In 
Fig. 1B. Symbols are 
the same as those 
used In Flg 1 The 
curve was generated 
by use of the von Ber- 
talanffy growth equa- 
tlon and lncludes 
data for both clearly 
and questionably file- 
marked mussels (N = 
10) recovered after 
294 days, as well as 
the nme largest juve- 
n ~ l e  specimens recov- 
ered from the mlcro- 
blolog~cal equipment 
Dashed hnes dellmlt 
the standard dev~a- 
tion of age est~mate. 

marked population did not include speci- 
mens less than 3.5 cm in length. We 
estimated juvenile growth rates by pro- 
jecting the slope of the regression line 
into the y intercept. This intercept pre- 
dicts a growth rate of 0.074 mm per day 
(8) 

An independent source of information 
about juvenile growth rates may have 
been provided by a fortuitous experi- 
ment. Small mussels 8 to 25 mm long 
were recovered from a slide box 
( N  = 25) and bottom rack (N  = 9) that 
were placed at the vents for 297 days for 
microbiological sampling experiments. If 
we assume that the mussels arrived by 
primary settlement (pediveliger larvae), 
juvenile growth rates can be determined. 
(We have no independent evidence, 
however, to exclude the possibility that 
these mussels represent a secondary col- 
onization.) Nine of the 34 juvenile speci- 
mens, ranging in length from 1.5 to 2.6 
cm, are considerably larger than the rest 
and should represent the earliest settling 
spat. If they settled on the equipment 
soon after it was deployed, mean juve- 
nile growth rates would be about 0.07 
mm per day (Fig 1B). If only the largest 
juvenile (25 mm) is used to obtain a 
growth estimate, the value is closer t o  
0.09 mm per day. These estimates are 
close to  our extrapolated juvenile growth 
rate (Fig. 1A). Although these data do 
not prove that these juveniles represent a 
primary settlement, they suggest that 
this possibility is tenable. 

Because of uncertainties about the 
data on the "probably marked" adult 
mussels and the juvenile population from 
the microbiological equipment, growth 
curves were generated for the following 
data subsets: (i) only specimens with 
definite file marks, (ii) only specimens 

Age (years) 

with questionable file marks, (iii) both 
definitely and questionably marked spec- 
imens, and (iv) these same three varia- 
tions plus data for the juvenile mussels. 
These six subsets yielded essentially the 
same growth curve; we thus chose the 
curve fit to  the entire data set depicted in 
Fig. 1B to represent the general ontoge- 
netic growth curve (Fig. 2). 

Data from the marking experiment in- 
dicate that mussels increase their shell 
lengths throughout life. N o  mussels larg- 
er than 18.4 cm were collected, suggest- 
ing that our populations are less than 19 
k 7 years old. This maximum age esti- 
mate assumes that the length-age rela- 
tion of Fig. 2 can be generally applied. 
Using the 18.4-cm maximum size and 
our age estimate, we calculate the long- 
term growth rate of mature mussels to  be 
approximately 1 cm per year. 

The thermal vent mussels have an 
ontogenetic growth curve that is similar 
to curves for shallow-water mytilids, es- 
pecially ribbed mussels (Gebkensia de- 
missa Dillwyn) from productive temper- 
ate salt marshes (9). Both G, demissa 
and the vent mussel have relatively long 
mean life-spans and continue to  grow 
throughout life. 

Few comparative growth data exist for 
deep-sea molluscs. The growth rate for a 
single specimen of a large (22.6 cm long) 
vesicomyid clam, Calyptogena magni- 
Jica (lo), was determined in another Ga- 
lapagos vent area known as  Clambake I 
(6). The shell age was determined from 
the 22S~h/228Ra ratio contained in the 
shell (7). A growth rate of 4 cm per year 
was obtained, and the age of the speci- 
men at the time of death was estimated 
to be between 3.5 and 11.5 years (7, 11). 
This growth rate is about four times 
greater than that estimated for the Gala- 

pagos Rift mussels and is also high when 
compared with reported growth rates for 
shallow-water bivalves. The growth rate 
of another deep-sea clam, Tindaria cal- 
listijormis, was determined radiochemi- 
cally to be 0.0084 cm per year, with a 
life-span of about 100 years (2). Tindaria 
callistiformis is a small (5  8.4 mm) de- 
posit-feeding bivalve inhabiting soft sedi- 
ments in nonhydrothermal areas of the 
Atlantic. The Galapagos Rift clam and 
mussels have yearly growth rates which 
are, respectively, 500 and 120 times fast- 
er than that of T. callistiformis. 

The bivalves associated with hydro- 
thermal vents have yielded the highest 
growth rates known for deep-sea organ- 
isms. These high growth rates are appar- 
ently supported by either dense suspen- 
sions of chemosynthetic microbes asso- 
ciated with the vents or by photoauto- 
trophically produced material from 
surface waters that is concentrated by 
convection cells created by the vents (3, 
4, 12). One of the most significant as- 
pects of this growth data is that food, 
rather than low ambient temperature and 
high ambient pressure, appears to be the 
major limiting factor for growth and pro- 
ductivity in the deep sea. 
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Hanford-Derived Plutonium in Columbia River Sediments 

Abstract. Mass spectrometry data on plutonium isolated from Columbia River 
sediments exhibit mean ratios of plutonium-240 to plutonium-242 consistent with 
those observed for integrated global fallout. Ratios of plutonium-240 to plutonium- 
239 show marked deviations from accepted fallout values, suggesting a second 
source of plutonium-239. This additional plutonium-239 arises from the decay of 
neptunium-239 produced in reactor efluent water from the old plutonium production 
reactors located on the Hanford Reservation. An estimated 20 to 25 percent of the 
total plutonium inventory in sediments behind McNary Reservoir, the first downriver 
site ofJine sediment accumulation below the Hanford Reservation, is ascribed to 
reactor operations. 

The lower Columbia River received 
large amounts of artificial radioactivity 
during the period from 1944 to 1970 as a 
consequence of the operation of single- 
pass plutonium production reactors lo- 
cated on the Hanford Reservation in 
Washington State (1, 2).  Although much 
information has accumulated concerning 
the absolute activity levels and geochem- 
ical behavior of elements with short and 
moderately long-lived radioisotopes in 
the river system, the same cannot be said 
for the very long-lived transuranic radio- 
nuclides, that is, 2 3 9 ~ ~  (half-life t l , 2  = 

24,131 years), 2 4 0 ~ ~  (tli2 = 6570 years), 
and 2 4 2 ~ ~  (tIl2 = 376,300 years) (3). We 
report here the results of mass spectrom- 
etry and absolute activity determinations 
of plutonium isolated from Columbia 
River sediments for the period from 1944 
to 1977. The data indicate that reactor- 
derived plutonium constitutes between 
20 and 25 percent of the integrated pluto- 
nium inventories in sediments 100 km 
downstream of the reactors. Further- 
more, the plutonium contributed by the 
reactors appears to have been only 
139Pu. 

Sediment cores were raised during Au- 
gust 1977 from McNary Reservoir on the 
Columbia River (4)  and from Ice Harbor 
Reservoir on the Snake River (Fig. 1). 
The Ice Harbor samples served as con- 
trols since the plutonium present in these 
sediments is derived entirely from atmo- 

spheric fallout. The absolute amounts of 
2 3 9 3  2 4 0 ~ ~  in our samples were deter- 
mined by the addition of known amounts 
of 242Pu to 10 to 20 g of dry sediment 
prior to processing and subsequent a- 
spectrometry measurements; no plutoni- 

Fig. 1. Sampling sites for 
sediment cores raised from 
the Ice Harbor Reservoir 
and McNary Reservoir. 

um isotopes were added to portions of 
the same sediment (50 g) from which 
plutonium was isolated for mass spec- 
trometry measurements. These latter 
samples were leached three times with 
6N HC1, and the plutonium was isolated 
and purified by our standard laboratory 
procedures. Further purification at the 
Savannah River Laboratory entailed 
small-column (0.4 ml), ion-exchange 
chromatography, the plutonium being fi- 
nally concentrated onto two or three AG 
1 x 4 resin beads (50 pm in diameter). 
The dried beads were then loaded into 
the mass spectrometer V filaments for 
analysis. The mass spectrometer used 
was a surface-ionization, three-stage in- 
strument constructed at the Savannah 
River Laboratory. 

Table 1 lists the absolute concentra- 
tions of 2393 2 4 0 ~ ~  at the various horizons 
sampled and the isotopic composition of 
the plutonium in both our Ice Harbor 
Reservoir and McNary Reservoir cores 
as of November 1980. The mean sedi- 
mentation rate at the McNary Reservoir 
coring site (- 1.4 to 1.5 cm year-') was 
determined from the position of the 
239, 2 4 0 ~ ~  subsurface maximum observed 
at 19 to 20 cm, which we attribute to 
maximum fallout delivery in mid-1963 
(5). We observed a marked increase in 
the ratio of 2 3 8 ~ ~  to 239, 2 4 0 ~ ~  between 
13.5 and 16.5 cm (Table I), which we 
attribute to the arrival of SNAP-9A (Sys- 
tems for Nuclear Auxiliary Power) in the 
Northern Hemisphere in mid-1966 (6). 
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