
structure is slowly settling, thus chang- 
ing the image size. If we  exclude the 
possibility that the settling began when 
our radius measures started, we can set 
some limits on the magnitude of this 
effect. The 150-foot Tower Telescope is 
actually two towers (13); one holds the 
optics and the other, on completely sepa- 
rate piers, holds the dome. Over the 70- 
year life of the tower, a differential set- 
tling of as  much as  20 mm would easily 
have been noticed. This is 0.3 mm per 
year, which would result in a change of 
only 0.006 arc second per year, o r  0.6 arc 
second per century, as  an upper limit. 

Solar magnetic regions at the limb 
should affect the measured radius be- 
cause the intensity near the limb is 
changed by the presence of dark sun- 
spots o r  bright faculae. Based on our 
observations of magnetic regions near 
the limb, this effect is 5 0.01 arc second 
and can be disregarded for this study. 

Results. Figure 2 shows the radius 
residuals obtained after correcting the 
raw radius measures for the effects listed 
in Table 1. The standard deviation of a 
single residual is about 114 arc second. 
The residuals do not have a Gaussian 
distribution; the dominant error is not 
random, but systematic. Two problems 
are apparent: (i) residuals tend to clump 
for periods of about 40 days (determined 
by autocorrelation), with larger variation 
between clumps than within a single 
clump, and (ii) there is an annual pattern, 
dominated by episodes of large negative 
residuals in the spring. Because the sys- 
tematic variations of the residuals have 
abrupt onsets and the largest variations 
repeat annually, we are convinced these 
systematic errors originate in the instru- 
ment or observing procedure, but have 
been unable to  identify the specific 
causes. 

In a 40-day interval we have about 25 
observations. The formal error of any 
parameter measured from the residuals 
should thus be increased by fi be- 
cause we d o  not have independent sam- 
ples. Including this factor, we fit the 
residuals separately for a secular trend 
and an 11-year sinusoid. The results 
were a trend of 0.2 -t 1.6 arc second per 
century, or a sinusoid of 0.1 k 0.1 arc 
second (errors are i 1 standard devi- 
ation). Both results are consistent with 
zero radius variation over the past 7 
years. 

Discussion. It is unfortunate that the 
systematic effects remaining in our data 
are so  large. The limits on radius varia- 
tions that we are able to set are not 
improvements over previous results (3, 
5, 7) and thus d o  not resolve discrepan- 
cies among those results. The program of 
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observations at  Mount Wilson is con- 
tinuing, and we may be able to  find and 
eliminate the sources of systematic er- 
ror. The random errors of measurement 
appear to  be about 115 or 116 arc second 
per observation; a data set of several 
years duration with errors of that magni- 
tude would be a significant improvement 
over previous radius measurements. 

When one considers that the instru- 
ment, the observing procedure, and the 
standard radius reduction were not opti- 
mized for this purpose, the size of our 
residual errors is encouraging. A ground- 
based instrument designed for this spe- 
cific observation should be capable of 
extremely high precision. 

BARRY J. LABONTE 
ROBERT HOWARD 

Mount Wilson and Las Campanas 
Observatories, Carnegie Institution of 
Washington, Pasadena, California 91101 
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Growth Rate of a Vesicomyid Clam from the 

Galapagos Spreading Center 

Abstract. The shell o f a  19-centimeter-long vesicomyid clam, collected live at the 
Galapagos spreading center hydrothermaljeld, was sampled  long growth lines and 
analyzed for members of the 238U and 2 3 2 ~ h  decaj series. The growth rate, 
determined from the 2 i o ~ o i 2 ' 0 ~ b  and 2 2 8 ~ h / 2 2 8 ~ a  coi~ples, is about 4 centimeters per 
year along the axis of maximum growth, which is 12 centimeters long. This yields an 
age of 3 to 4 years for this clam. 

After the discovery of large white 
clams associated with the Galapagos 
spreading center by Lonsdale ( I ) ,  a se- 
ries of exploratory dives were made at 
the site by the submersible Alvin. The 
shell of a dead vesicomyid clam, collect- 
ed during the first series of dives in 

O ! 015 1 115 b 2!5 ! 
Age (years) 

Fig. 1. (A) The 210Po/210~b activity ratio 
growth curve with an initial value of 2'0Po 

February and March 1977 (2) from the 
site designated Clambake I,  was sent to  
us, and we made a preliminary estima- 
tion of the growth rate on the basis of a 
whole shell analysis for the natural radio- 
nuclides (3). We first set upper limits of 
age and then used the 2 2 8 ~ h i 2 2 8 ~ a  activi- 

0 0.5 1 1.5 2 2.5 3 

Age (years) equal to 0. The sample ratios were positioned 
along the curve by eye to obtain the age of the clam; contmuous deposition is assumed. The last 
sample is in equilibrium and therefore could be about 2 years old or older. Its age is constrained 
by the 228Th/228Ra data. (B) The 228Th/228Ra activity ratio plotted as a function of age 
(determined from the 2 1 0 ~ o f ' o ~ b  data) for sequential layers in the clam shell. The best fit curve 
for 228Th/228~a growth with time requires an lnitial 2 2 8 ~ h / 2 2 8 ~ a  activity ratlo of 0.4. The oldest 
sample is less than 2 years old. 
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ty ratio to set the "best" age at  time of 
collection of 6.5 years with an analytical 
level of uncertainty of - 3, +5  years (at 1 
standard deviation). Such a whole shell 
age was based on four assumptions, all 
probably not completely valid. They are: 
(i) the mass growth rate was constant, (ii) 
the initial 2 2 8 ~ a  specific activity was 
constant, (iii) there was no initial 2 2 8 ~ h ,  
and (iv) no loss of shell by dissolution 
had occurred. 

In order to determine growth rates 
independent of these constraints, we 
planned to analyze serial incremental 
growth layers in the shell of a freshly 
collected live clam. The opportunity to  
do this arose during the 1979 winter 
expedition to the Galapagos spreading 
center (4). We obtained a specimen (895- 
74), collected live at the site designated 
Mussel Bed. The specimen has been 
described by Boss and Turner (5) as  
belonging to the new species Calypto- 
gena magnijica. Specimen 895-74 is 
188.5 mm long. 

One valve of the specimen was avail- 
able for sampling. After the shell was 
cut, the inner layer was completely re- 
moved from the section to be analyzed 
by a series of washings with dilyte HCI. 
Removal of this layer was necessary 
because it represents a range of ages that 
cannot be resolved during sampling and 
thus would confound the serial informa- 
tion sought from the outer shell layer if 
not excluded. Sampling of the outer lay- 
ers was done with a dental drill. The 
lengths refer to the distance along the 
axis of maximum growth as measured 
from the growing edge. Although each 
sampled interval was weighed, this gives 
only a crude estimate of shell mass be- 
cause of significant losses during the 
sampling process. Chips of each sample 
were cleaned in 30 percent H 2 0 2  to elim- 
inate the periostracum. Appreciable 
periostracum was visible only in the 
sample layer from 0 to 2 cm (the growing 
edge). 

Each layer was analyzed for 2'0Po, 
2 1 0 ~ b ,  2 2 6 ~ a ,  2 2 8 ~ h ,  2 3 2 ~ h ,  and 2 2 8 ~ a .  
The "'PO, 2 2 8 ~ h  (and 232Th), and 226Ra 
were determined immediately and the 
appropriate separates for 2 ' 0 ~ b  and 2 2 8 ~ a  
measurements were set aside for about a 
year to allow for ingrowth of 2'0Po and 
2 2 8 ~ h ,  respectively, which were then de- 
termined to obtain 'lOPb and 2 2 8 ~ a  con- 
centrations. The methods of analysis are 
described in (6). The results are shown in 
Table 1. 

The growth rate for the clam we ana- 
lyzed is constrained by two radionuclide 
couples, 2 '0~o/210Pb and 2 2 8 ~ h / 2 2 8 ~ a .  AS 
calcium carbonate is deposited by mol- 
luscs the shell excludes 'loPo and incor- 
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porates "OPb. After the shell layer is 
deposited, "OPb (22-year half-life) pro- 
duces 2 ' 0 ~ o  (138-day half-life) by radio- 
active decay so that the 2 ' 0 P o / 2 1 0 ~ b  ac- 
tivity ratio changes in a definite time- 
dependent manner from an initial value 
of 0 to a secular equilibrium value of 1, 
which is effectively attained after 2 years 
(7). This growth curve is shown in Fig. 
lA,  and the 2 1 0 ~ o / 2 1 0 P b  ratios of the 
individual layers sampled (Table 1) are 
conformed to the curve, thus setting the 
age at time of collection of each layer. 
The sample from 6 to 8 cm is not con- 
strained by the 2 ' 0 ~ o / 2 ' 0 ~ b  value since it 
is at secular equilibrium and can be any 
age equal to o r  greater than 2 years. 
However, the low 2 2 8 ~ h / 2 2 8 ~ a  activity 
ratio of the sample constrains it to a 
young age. 

With the ages obtained from Fig. lA,  
the 2 2 8 ~ h / 2 2 8 ~ a  activity ratio can be plot- 
ted as  a function of age (Fig. 1B). The 
best fit 2 2 8 ~ h / 2 2 8 ~ a  activity ratio evolu- 
tion curve, drawn through the sampling- 
error boxes, requires an initial 2 2 8 ~ h /  
2 2 8 ~ a  activity ratio of 0.4. This is a 
surprising result. There is virtually no 
periostracum preserved for most of the 
shell. This indicates that 2 2 8 ~ h  is either 
trapped in the lattice site of the growing 
aragonite or is associated with organic 
matrices within the shell and is therefore 
not removed by the H 2 0 2  cleaning pro- 
cedure. It should be noted that any sec- 
ondary adsorption of 2 2 8 ~ h  would make 
the ages appear older. Only by accepting 
an initial 228Th incorporation in the shell 
with 2 2 8 ~ a  can we conform the 2"Po/ 
2'0Pb and 2 2 8 ~ h / 2 2 8 ~ a  ages. 

The growth rate of clam 895-74 along 
the axis of maximum growth is 5 cm per 
year for the first 6 cm, and about 2 to 3 
cm for the next 2 cm, with an average 
growth rate for the entire 8-cm section of 
about 4 cm per year. If we assume that 
the 12 cm from the umbo to the growing 
edge along the axis of maximum growth 
were deposited at this average rate, then 
the age of this specimen of Calyptogena 
magnijica is about 3 years. If we use the 
growth rate of the layer from 6 and 8 cm 
for the remainder of the older part of the 
shell, we obtain an age of 4 years for the 
clam. These ages are compatible with the 
whole shell determination made earlier 
(3). Thus the young ages and fast growth 
rates of the large vesicomyid clams of 
the Galapagos spreading center hydro- 
thermal field are established within these 
reasonable limits. 

KARL K. TUREKIAN 
J. KIRK COCHRAN* 

Department of Geology and 
Geophysics, Box 6666, Yale University, 
New Haven, Connecticut 0651 1 
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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 

" r 0 Probably marked adult mussels 

,? 2.5 F A Clearly marked adult mussels 
Juvenile mussels from slide 

o box and bottle rack 
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