
Abstract.-Age determination
of sablefish (Anoplopoma fimbria)
is typically done by counting
growth zones on the bumt cross­
section of the otolith. The break­
and-bum method of age determi­
nation is difficult to apply to sable­
fish. Therefore, we applied a rela­
tively new method offish age vali­
dation, using the disequilibrium of
Pb-2101Ra-226 in the otoliths. This
method of validation complements
previous methods which used
oxytetracycline (OTe) marking to
validate incremental growth in
sablefish otoliths. The Pb-210IRa­
226 disequilibria generally con­
firmed the ageing criteria used to
interpret the otolith's burnt cross­
section.
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Sablefish <Anoplopoma fimbria) is
an important commercial species
distributed continuously along the
North Pacific Rim from California
to northern Japan. On central
California's continental shelf, the
spawning of sablefish takes place
from October to February at depths
of over 823 m (Hunter et aI., 1989).
Both eggs and larvae have been
collected at depths of over 400 m in
April off British Columbia. After
hatching, postlarval sablefish move
into the surface waters where on­
shore or offshore transport may
take place (Mason et aI., 1983).
Postlarvae have been found off­
shore, but as juveniles they are
usually seen inshore (Bracken,
1983; Mason et al., 1983). The ju­
veniles are believed to reside in­
shore for several years and then
move to deeper offshore waters as
they near maturity and join the
spawning population (Bracken,
1983; Mason et aI., 1983). Mature
sablefish are typically caught at
700 m (Mason et aI., 1983). Funk
and Bracken1 note that the growth
of young fish is fast compared to
very slow growth of mature fish. An
abrupt slowing of growth coincides
with the onset of sexual maturity.
Mean fork length increases with
depth and the length at 50% matu-

rity for females is 60 em (Hunter et
aI., 1989).

At the Alaska Fisheries Science
Center (AFSC) sablefish ages are
determined by counting growth
zones (assumed annular) seen on
the distal surface of the otolith, or
more frequently in the burnt dor­
sal-ventral cross-section (break­
and-bum method, Beamish et aI.,
1983). Even though ageing criteria
have been established for sablefish
by using the break-and-burn
method (Beamish and Chilton,
1982; Beamish et al., 1983), vari­
ability between individual sablefish
in the morphology of their otoliths
and the appearance of growth
zones makes this method difficult
to apply. Between-reader variabil­
ity in sablefish ages are far greater
than for any other species routinely
aged at the AFSC (Kimura and
Lyons, 1991).

Sablefish age validation has been
examined by using oxytetracycline
(OTC) studies, mark and recapture
of known age fish, tagging studies,
length-frequency analysis of young
fish, and daily growth zone counts in
juvenile sablefish otoliths (Beamish

1 Funk, F., and B. E. Bracken. 1983.
Growth of sablefish in southeastern
Alaska. AK Dept. Fish and Game Info.
Leaflet No. 223, 40 p.
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and Chilton, 1982; Beamish et aI., 1983). The age
range considered by Beamish and Chilton (1982)
was from 0 to 43 years, but their study had few
individuals from the upper end of the age·range. The
OTC method can validate only incremental growth
zones after injection, leaving interpretation of ear­
lier growth in anyone fish questionable. Ideally, the
age range of OTC-injected fish spans all ages.
Younger OTC-injected fish can then be used to in­
fer that incremental growth zones seen prior to an
OTC injection on older fish are annuli. With these
limitations, the procedures used by Beamish and
Chilton (1982) and Beamish et al. (1983) confirmed
that ages counted on the burnt cross-section were
accurate.

Our goal was to use radiometric dating techniques
to validate the break-and-burn ageing criteria used
at the AFSC for sablefish aged to approximately 35
years. This validation used the measured ratio of
Pb-210/Ra-226 in the otoliths to provide estimates
of total age, thereby complementing previous OTC
validation work which only confirmed incremental
growth.

In the first application of radiometric ageing to
fishes, Bennett et al. (1982) used the ratio ofPb-2101
Ra-226 to validate ages up to 80 years for splitnose
rockfish (Sebastes diploproa). More recently, these
radioisotopes were used by Campana et al. (990)
and Fenton et al. (1990, 1991) in age validation and
longevity studies in a variety of fish species. Addi­
tional radioisotope pairs such as Th-228/Ra-228
have also been used to age fish (Smith et aI., 1991).

The isotopes Ra-226 and Pb-210 are part of the
naturally occurring decay chain of U-238:

U-238--- --+ Ra-226--- --+ Rn-222- -- --+ Pb-210

4.5 x 109 yr 1600yr 3.8 d

Pb-21O --- --+ Po-210 -----+ Pb-206
22.3 yr 138 d

where ·the dashed lines indicate short-lived interme­
diary nuclides that are not shown.

Both Ra-226 and Pb-210 are found naturally in
seawater. Ra-226 is a calcium (Ca) analogue which
accompanies Ca through the food chain and is de­
posited in fish tissue, particularly calcified struc­
tures, along with Ca (Swanson, 1985; Porntep­
kasemsan and Nevissi, 1990). The otoliths of teleo­
sts consist of an acellular organic protein matrix
mineralized with aragonite, a form of calcium car­
bonate in which the radioisotopes are deposited
(Mugiya, 1977; Campana and Neilson, 1985). Pb-21O
is also accumulated by the biota through the food
chain (Shannon et aI., 1970; Heyraund and Cherry,
1979). In fish, Pb-210 is preferentially deposited in
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the bone or liver (Swanson, 1985). Its initial activ­
ity in the otolith must be measured (later as R*) for
the application of radiometric ageing.

When Ra-226 is deposited in otoliths, like Ca it
remains immobile, and a disequilibrium is created
between Ra-226 and all of its progeny. With time,
the activity of shorter-lived daughter products like
Pb-210 will increase. In the pair of radioisotopes
used here, Ra-226 and Pb-210, the difference be­
tween their half-lives is great (Eq. 1). Therefore,
after about 100 years in a closed system the activ­
ity of both Ra-226 and Pb-21O will become equal,
establishing a so called "state of secular equilibrium"
(Faure, 1986). A chronometer is started when Ra­
226 is first deposited in the otolith, and the activity
ratio Pb-2101Ra-226 is a function of the time elapsed
since deposition.

Radiometric dating applied to fish otoliths relies
on three basic assumptions (Faure, 1986; Smith et
aI., 1991):

1 The otoliths are closed with respect to the loss or
gain of any radioisotopes in the decay chain.

2 The initial activity ratio of Pb-2101Ra-226 in the
otoliths should be much smaller than one, ideally
close to zero, and known or measured.

3 The specific activity [disintegrations per minute
per gram (dpmlg)] of the radioisotopes in the
material incorporated into the otoliths must be
constant.

These assumptions will be considered in detail
later in the "Discussion" section. But first, it is im­
portant to consider Assumption 3 because it explains
why we did not use whole otoliths. Assumption 3 is
the most problematic of the three assumptions when
applied to whole otoliths because it also requires
assuming a mass-growth rate for the otoliths (Smith
et aI., 1991). Campana et al. (1990) used otolith
cores in their application of radiometric dating to
fish. When using otolith cores and individual mea­
surements of Ra-226 for each sample being radio­
metrically aged, Assumption 3 becomes unnecessary.
However, if measurements of Ra-226 are averaged
over the different samples being radiometrically
aged, Assumption 3 requires that the different core
samples have the same activity levels. Our study
followed the procedures of Campana et al. (1990)
and used otoliths cores. But unlike Campana et al.
(1990), we used individual Ra-226 measurements for
each sample being aged so that Assumption 3 was
unnecessary.

2 Noshkin, V. E., K. M. Wong, R. J. Eagle, T. A. Jokela, and J.
A. Brunk. 1988. Radionuclide concentrations in fish and inver­
tebrates from Bikini Atoll. Lawrence Livennore National Labo­
ratory, Livennore, Ca., UCRL-53846, 53 p.
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Materials and methods

Otolith collection

Sablefish were collected along the Eastern Pacific
Continental Shelfduring two research cruises by the
AFSC. The first collection was made from the re­
search vessel Alaska on 8 August 1986 and con­
tained 61 fish captured at 1a5 m in Morro Bay,
California. The second collection was made from the
vessel American Viking between 23 September and
31 October 1986 and contained 423 fish captured at
depths of 246-1426 m off the California coast be­
tween 32°23'N and 42°23'N. Both sagittal otoliths
were removed at sea. The sacculus membranes were
removed and otoliths were stored in 50% ethanol.

Ages were estimated by the first author (Reader
1) from one otolith per fish applying the break-and­
bum method, and the other otolith was used in the
radiometric study. The criteria used to count annuli
for this study were similar to those typically used
by experienced age readers at the AFSC and Tiburon
Laboratories of the National Marine Fisheries Ser­
vice (NMFS), and were the same used by Beamish
and Chilton (1982) and Beamish et al. (1983). By
using these criteria, an age range of up to ±5 years .
for older fish was often possible. The oldest age con­
sistent with these criteria was often assigned as the
most probable age. When a fish was aged as 1 year
old the otolith surface was usually adequate and no
break-and-bum was done. The otoliths were subse­
quently pooled into four age categories (1 year, 9­
11 year, 14-23 year, and 24-34 year), on the basis
of Reader-l ages.

For comparison, a subsample of otoliths initially
aged ~14 years (n=186) was read by a second expe­
rienced sablefish age reader at the AFSC (Reader
2). Additionally, all fish initially aged ~14 years
(n=266) were read by an experienced sablefish age
reader at the Pacific Biological Station (PBS), Cana­
dian Department of Fisheries and Oceans (Reader 3).

In the radiometric dating procedures, we used
that part of the otolith which was deposited during
the first year of life (i.e. the first year core). For age
category 1, whole otoliths representing the first 15
to 18 months of growth were used. These otoliths
were those classified as age 1 by Reader 1 and were
intact and unbumt. For other age categories, the
first year cores were isolated by grinding away ex­
cess otolith material. The grinding was done with a
Buehler metallurgical polishing machine equipped
with Buehler wet and dry #600 or #900 paper.
Otolith material representing the first year was
readily identifiable in older fish from the distal sur­
face of the ground otolith, and from the broken-and-
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burnt section, viewed with a dissecting microscope
(25x) as a guide. Removal of material was done
slowly, with frequent viewing of the otolith during
the grinding process (Kastelle, 1991). The position
of the first annulus on the otolith has been con­
firmed by several authors in age validation studies
of young sablefish (Beamish and Chilton, 1982;
Beamish et aI., 1983; McFarlane and Beamish,
1983). Average measurements of the core dimensions
were not used as an aid in the grinding process.
Instead, grinding was completed when the contours
of the first year were approximated. Small inaccu­
racies in the grinding were inconsequential because
samples were pooled into four categories based on
age ranges.

All otolith cores were cleaned with an ultrasonic
cleaner in distilled and deionized water for a mini­
mum of 30 seconds. Any soft tissue remaining on the
otolith after collection was visibly broken down by
the ultrasonic cleaner. The goal of the cleaning was
to remove any contamination from soft tissue or
grinding paper. After cleaning, the otoliths were
stored again in a fresh 50% ethanol solution prior
to analysis for radioisotopes.

Approximately one gram of material was neces­
sary for radioisotope activity to be measurable above
background levels, which meant that 83 to 141
otoliths were used for each age category. To increase
the weight of category 1 (l year olds), an additional
unbumt half of the aged otolith from some speci­
mens was included with the intact otoliths (83 speci­
mens total: 83 whole otoliths plus 65 half otoliths
from some of the same fish).

Activity measurements

The methods employed in the chemical separation
and counting techniques for Ra-226 and Pb-210 were
similar to those used by Bennett et al. (1982) and
are detailed in Kastelle (1991).

In general, the activity of Pb-21O in the otoliths
was determined by counting the alpha decays of Po­
210 (the granddaughter-proxy ofPb-210 with which
it is in secular equilibrium, Eq. 1) by using a yield
tracer of Po-209. Reagent blanks, with and without
yield tracers, were processed with each age category
as follows: category 1, one blank without yield
tracer; categories 2 and 3 processed simultaneously,
one blank with a yield tracer and one without; cat­
egory 4, one blank with a yield tracer and one with­
out. The counting time for each sample or reagent
blank was approximately three weeks.

The activity of Ra-226 was determined by count­
ing alpha decays of Rn-222 (the daughter-proxy of
Ra-226 with which it grows into secular equilibrium,
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Figure 1
Predicted radiometric age of samples from
observed activity ratios and curve of ex­
pected activity ratio (Eq. 2). Predicted radio­
metric age includes the 4.5 years between
collection and analysis.

from the four categories and the second by using the
Ra-226 activity measured for each category. The
delta method was used to determine the variance of
the ratios (Seber, 1982).

The measured ratio of Pb-210/Ra-226 in the
otoliths can be used to predict a radiometric age
from the curve:
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where Al is the activity for Ra-226, A2 and ~ are
the activity and decay constant respectively (A,==ln
(2)/half-life, for Pb-210, t is time (i.e. age), and ROO is
the initial ratio of Pb-210IRa-226 (Fig. 1, see also
Kastelle [1991]). The initial ratio was estimated by
solving Equation 2 for ROO and applying the activity
ratio from age category 1 (ROO=-0.034). The negative
value for ROO is due to measurement error. Therefore,
we assume ROO = 0 in Figure 1. The actual fish ages
were predicted from the radiometric ages by sub­
tracting the time between collection and analysis
(4.5 yr) from the radiometric ages in Figure 1. Al­
ternatively, it is possible to calculate the radiomet­
ric ages by correcting the Pb-210 activity estimates
to the time of otolith collection. These adjusted ra­
diometric ages were then compared with ages read
from the burnt otolith cross-section by the three
readers. For each of the readers, a linear regression
line was fit through the origin and compared with
the 45° line of agreement by using at-test.

Data analysis

ANOVA with contrasts was used to test whether
break-and-bum otolith ages from the different age
readers were significantly different within each age
category. Statistical analyses of activity measure­
ments from samples, backgrounds, and reagent
blanks were conducted by using Z, t, and a likeli­
hood ratio '1.2 test as described below. To test if the
Ra-226 (or Pb-210) activity from each age category
was statistically different, the likelihood ratio test
was employed. Assuming Xi is distributed
as N(J.li,a~), where the a~ are known, the like­
lihood ratio '1.2 test for Ho :J.LI == ... == J.Ln , is

i 2 == L(Xi - {J.)2 / a1

which is distributed as X~-l' Here Xi is the measured
Ra-226 (or Pb-210) activity for age category i,

A == L(XJa~)/L(l/a~),

and a~ is the variance for age category i. If ats are
unde~estimated, then the i 2 would be inflated. Z
tests were carried out between the reagent blanks
plus background, and background alone, for Po-209
and Po-210 measurements; a t-test was performed
between the mean Rn-222 reagent blank plus back­
ground and the background alone.

Two sets of estimated Pb-210IRa-226 ratios were
calculated: one by using the mean Ra-226 activity

Eq. 1) in a Lucas cell (Lucas, 1957). The samples
were stored in a Rn-222 de-emanation flask for a
minimum of three weeks prior to counting. During
storage, Rn-222 reached secular equilibrium with
Ra-226. Reagent blanks were processed with each
sample. Lucas cell (Rn-222) counting times were
4,000 minutes for each sample or reagent blank.
Lucas cell and electronic backgrounds (counting
time 1,000 minutes) were measured multiple times
before and after any sample or reagent blank. The
counting efficiency (i.e. the percentage of decays that
was detected) of the de-emanation technique, Lucas
cells, and associated electronics was determined to
be 53.75% with the use of a Ra-226 standard solu­
tion supplied by the U.S. Environmental Protection
Agency. Activities of Ra-226 and associated errors
were calculated by using the methods of Sarmiento
et a1. (1976). Details concerning incorporation of
blank and background measurements into the activ­
ity calculation for Po-210 and Ra-226 are given in
Kastelle (1991). All sources of error were propagated
through the calculations to estimate errors (stan­
dard deviation or SD) for the Ra-226 and Pb-210
measurements.
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Results

ANOVA with contrasts showed the average age gen­
erated by the three age readers within each age
category were all pair-wise significantly different
(P<O.OOl). Reader 3 estimated the youngest ages,
followed by Reader 1, and Reader 2 produced the
highest ages (Table 1). Age categories were based on
ages from Reader 1; therefore, the age ranges in
each category for Readers 2 and 3 were greater.

The reagent blanks plus background for Po-210
and Po-209 did not contain significant activity above
the background alone (P>0.05). The background
activity for Po-209 and Po-210 ranged up to
6.413x10-4 ±1.472x10-4 cpm (counts per minute)
and 5.600x10-4 ±9.75x1O-S, respectively (Table 2).
Therefore, the unadjusted sample data (including
background counts) were reduced by the appropri­
ate background only; no adjustment was made for
the reagent blank. Specific activity ofPb-210 at the
time of separation from Ra-226 ranged from 0.037
±0.007 dpm/g in category 1 to 0.265 ±0.041 dpm/g
in category 4 (Table 3). The Pb-210 activity levels
were significantly different among the four age cat­
egories (P<O.001).

The average background count (n=66) for the Rn­
222 system was 8.500x10-3 ±5.27x10-4 cpm. The
mean reagent blank plus background for Rn-222
was not significantly greater than the background
alone (P=O.077). Mean Ra-226 activity (n=4) was
0.414 ±0.050 dpm/g (Table 3). Ra-226 values from
the four age categories were significantly different
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(P<0.001). Therefore, the Ra-226 measurements
were specific to each age category.

The adjusted radiometric ages (from category spe­
cific Ra-226 measurements) for age categories 1 to
4 respectively were -0.09, 5.21, 17.83, and 22.66
years. Although the adjusted radiometric ages were
consistently younger than the burnt cross-section
ages from Reader 1, there was general agreement
between the two methods (Fig. 2). A t-test between
the slope of a line fit through the origin vs. the 45"
line did not show a significant difference for any of
the age readers (P>0.05).

Discussion

Principal findings

The principal result of this study is that the radio­
metric ages generally confirmed the burnt otolith
ageing criteria that are used to age sablefish by U.S.
and Canadian age readers. A factor which facilitated
this confirmation is that sablefish otoliths appar­
ently accumulate higher levels of radioisotopes than
do other fish species that have been previously stud­
ied. We found the specific activities of Pb-210 and
Ra-226 in sablefish otoliths (Table 3) to be a full
order of magnitude greater than values reported in
other species (Bennett et aI., 1982; Campana et al.,
1990; Fenton et aI., 1991). These large differences
in activity levels may be explained by biological and
environmental considerations. Radium-226 is incor-

Table 1
For each age category of sablefish, Anoplopoma fimbria, comparison of average estimated age, number of
samples read, age range by "each age reader, and radiometric age are shown. The time between collection and
analysis (4.5 yr) was subtracted from the radiometric age at the time of analysis to make the ages comparable.

First Reader: Second Reader: Canada (PBS): Radiometric age:
Age average age (yr), average age (yr), average age (yr), average age (yr).

category n read, range (yr) n read, range (yr) n read, range (yr) n pooled, range (yr)1

1 1, n=83, -0.09, n=83
(l) (-0.89,0.74)

2 9.79, n=130, 5.21, n=130
(9, 11) (3.40, 7.12)

3 18.91, n=141, 22.07, n=101, 15.58, n=139, 17.83, n=141
(14,23) (14,42) (8,27) (13.05, 23.44)

4 28.55, n=127, 31.01, n=85, 23.75, n=127 22.66, n=127
(24,34) (17,49) (11,48) (16.50, 30.30)

1 Based on measured Pb-210IRa-226 ratio and error with individual Ra-226 measurements and Eq. 2.
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Table 2
Comparison of background (Bk) and blank (BL) activity reported in the literature for tracer spikes, Po-210 in
equilibrium with Pb-210, and Ra-226. NR = not reported

Tracer spike
(Po-209 or Po-208) Po-210 Ra-226

This study Bk (cpm) 1.867 x 10-' ± 5.63 x 10-6 to 2.353 X 10-' ± 6.53 x 10-5 to 8.500 X 10-3 ± 5.27 x 10-'
6.413 X 10-' ± 1.472 x 10-' 5.600 X 10-' ± 9.75 x 10"""5

Bl (dpml Not significant Not significant Not significant

Bennett et al.
(1982) Bk (cpm) NR 6.94 x 10-' 1.4 X 10-2 to 2.8 X 10-2

Bl (dpml NR Not measurable above Bk 3.9 x 10-2

Campana
et al. (1990) Bk (cpm) NR 6.94 x 10-' NR

Bl (dpm) NR 5 x 10-4 NR

Fenton et al.
(1990) Bk (cpml NRl NRl

Bl (dpm) NR 1.03 x 10-2 ± 2.7 x 10-3 1.25 X 10-2 ± 4.3 x 10-3

Fenton et al.
(1991) Bk (cpm) 6.94 x 10-4 6.94 X 10-4 1.4 X 10-3 to 3.5 X 10-3

Bl (dpml NR 1.03 x 10-2 ± 2.7 x 10-3 2.55 X 10-2 ± 2.3 x 10-3

1 Not reported specifically for this radioisotope, but this author suggested a lower value here than reported by Bennett et al. (19821.

Table 3
For each age category of sablefish, Anoplopoma fimbria, number of specimens, average estimated age and
estimated age range (from Reader 1), specific activity (dpmlgraml of Ra-226 and Pb-210, and the ratios Pb­
21O/Ra-226 and the ratios Pb-210/mean Ra-226, at the time of analysis 4.5 years after collection are shown.
Errors are ±1 SD and are rounded up in the last significant digit for presentation.

Age Number Average Age Ra-226 Pb-21O Pb-21O Pb-21O
category pooled age lyr) range (yrl (dpm/gl (dpm/g) Ra-2261 Ra-2262

1 83 1 1 0.288 0.037 0.128 0.089
± 0.012 ± 0.007 ± 0.023 ± 0.019

2 130 9.79 9-11 0.517 0.135 0.260 0.325
± 0.021 ± 0.022 ± 0.043 ± 0.065

3 141 18.91 14-23 0.386 0.193 0.500 0.467
± 0.017 ± 0.030 ± 0.080 ± 0.092

4 127 28.55 24-34 0.465 0.265 0.570 0.640
± 0.019 ± 0.041 ± 0.091 ± 0.126

1 Activity ratios calculated with Ra-226 measured from each group.
S Activity ratios calculated with mean Ra-226: 0.414 ± 0.050.

porated into the biota or food chain through a vari­
ety of sources, such as water during the osmoregu­
lation process, from food (Porntepkasemsan and
Nevissi, 1990) such as phytoplankton (Shannon and
Cherry, 1971) and zooplankton (Evans et aI., 1938),

and from contact with sediments (Swanson, 1985).
The geographic area the species inhabits, its verti­
cal distribution in the water column, and the effi­
ciency of transfer of Ra-226 through its food chain
could playa role in the uptake of Ra-226 (Cochran,
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Figure 2
Comparison of burnt otolith cross-section ages
(from Readers 1, 2, and 3) with adjusted radiomet­
ric ages (4.5 years were subtracted for the time
between capture and analysis). Range in adjusted
radiometric ages is 1 standard deviation, and the
range in burnt otolith cross-section ages are the
maximum and minimum in each age category (see
Table 1). Ranges of burnt cross-section ages for
Readers 2 and 3 are wider than for Reader 1 be­
cause age categories were defined by Reader 1
ages.

We discussed three assumptions which must be sat­
isfied for the radioisotope ageing of sablefish to be
valid. Assumption 1, that otolith cores are closed
with respect to loss or gain of any radioisotopes in
the decay chain, has not been tested. Considering
the decay chain containing Ra-226 (Eq. 1), Rn-222
is a source of concern. For Ra-226 to decay to Pb­
210, it must first become Rn-222 (half-life=3.82
days) which is a noble gas. It is conceivable that Rn­
222 could migrate in the otolith. A loss of Rn-222
would lead to underestimation of the true age. How­
ever, the calcium carbonate crystalline structure of
the otolith probably prevents radioisotopes from
migrating.3

Welden (1984) measured Pb-210 activity in the
calcified cartilage ofvertebral centrum from sharks,
applying a procedure similar to the dating of sedi­
ments. The calcified cartilage allowed the Pb-210 to
migrate in the vertebra so the assumption of a
closed system did not hold true. Previous research
by Goreau and Gareau (1960), Moore et al. (1973),
Dodge and Thomson (1974), and Veeh and Burnett
(1982) confirmed that calcium carbonate in coral
acted as a chemically closed system. In Rn-222 dif­
fusion experiments, Moore et al. (1973) could not
detect migrations in coral.

For our study, Assumption 2 required that in the
core of otoliths, initial ratios of the two radioisotopes
be measured or known, and ideally be near zero.
More Ra-226 than Pb-210 may be encountered by
fish since Ra-226 is not in equilibrium with Pb-210
in seawater (Bacon et aI., 1976). The environmen­
tal residence time of Ra-226 in seawater has been
reported to be as high as 950 years (Szabo, 1967)
and as low as 0.7 to 5.5 years (Shannon and Cherry,
1971). The environmental residence time ofPb-210
in surface waters has been reported to be as high

3 At the "CSIRO, International workshop on otolith chemistry"
2-6 March 1992, in Hobart, Tasmania, Australia the possibil­
ity of Rn-222 migration was discussed with some enthusiasm.
G. Fenton suggested that the otolith is relatively impenneable,
and that Rn-222 migration is not a major problem.

1982; Swanson, 1985; Fenton et al., 1990). Addition­
ally, feeding rate, metabolic rate, and calcium depo­
sition rate could all affect the specific activities
found in otoliths. Sablefish are one of the fastest­
growing epipelagic juvenile fishes (Shenker and
Olla, 1986; Kendall and Matarese, 1987). Therefore,
the higher Ra-226 and Pb-210 activity levels seen
in sablefish otolith cores could be related to rapid
uptake of Ra-226.

Assumptions for radiometric dating
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as 3.5 years (Shannon et al., 1970) and as low as
1.4 years (Bacon et al., 1976). Pb-210 is incorporated
into particulate matter whereby it is removed from
the water column and deposited into sediments. To
correct for Pb-21O incorporation, we measured the
initial ratio, R*, with young fish (l yr olds). By ana­
lyzing very young splitnose rockfish, Bennett et a1.
(1982) found that the initial ratio of Pb-210IRa-226
was between 0.1 and 0.2. Similar values for the ini­
tial ratio were also found in redfish (Sebastes
mentella) (Campana et aI., 1990), orange roughy
(Hoplostethus atlanticus) (Fenton et aI., 1991), and
blue grenadier (Macruronus novaezelandiae)
(Fenton et aI., 1990). These results are comparable
with the R*=O we used. The initial ratio cannot be
estimated from older age categories because their
true ages are uncertain. Therefore, R*=0 for older
age categories was assumed.

Assumption 3 states that the specific activity of
Ra-226 incorporated into the otolith core be constant
over the time span that the otoliths are receiving the
radioisotopes. Assumption 3 is not required if only
the otolith core is used and individual Ra-226 mea­
surements are made for each age category. In sable­
fish the core of 1-year-old fish was appropriate be­
cause it is large, and there is a strong possibility
that fish migration prior to maturity might cause a
change in Ra-226 uptake. The likelihood ratio x,2 test
suggested that Ra-226 measurements differed
among age categories. Therefore, ratios calculated
by using individual Ra-226 measurements were pre­
ferred over those calculated with the Ra-226 mean.
Campana et a1. (1990), using cores composed of the
first 5 years of growth, and a mean of 5 whole otolith
samples (13 g per sample), found no significant dif­
ference in Ra-226 activity between the cores and
whole otoliths. This suggested a constant rate ofRa­
226 uptake. The differences we found between the
Ra-226 activity measured in the four age categories
were considerable (Table 3). Because the factors
controlling Ra-226 uptake are complex and not well
understood, the observed differences may well be real.

The use of whole otoliths requires modeling the
mass growth rate of the otolith over the life of the
fish and making assumptions concerning the uptake
of Ra-226 and Pb-210 each year. Bennett et a1.
(1982) modeled the otolith's mass growth rate and
assumed that the uptake of Ra-226 over the life
span of the fish was proportional to otolith size (i.e.
they assumed a constant rate of uptake). In whole
otoliths from blue grenadier, the rate of uptake of
Ra-226 changed over the life of the fish (Fenton et
aI., 1990). Therefore, the assumption of a constant
rate of uptake of Ra-226 was violated. In whole
otoliths from orange roughy, the Ra-226 specific
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activity increased with age (Fenton et aI., 1991).
Therefore, Fenton et a1. (1991) used two Ra-226
averages: one for young age categories and a second
for old age categories.

The conservative approach is to use the otolith
core and individual category Ra-226 measurements
making Assumption 3 unnecessary. Also, by using
cores the closed system considered under Assump­
tions 1 and 2 is reduced. The behavior of otolith
material deposited later in a fish's life need not be
considered. The different approaches (otolith core,
whole otolith, larger multi-gram samples, or any av­
eraging of different age ranges) have trade-offs which
should be evaluated in light of a species' biology.

Sources of error in ageing methodologies

Differences between the three ~ets of burnt cross­
section ages are explainable. First, storage of bro­
ken-and-burnt otoliths in ethanol between readings
may cause a fading of growth patterns. Second,
variations in application of the otolith interpretation
criteria of Beamish and Chilton (1982) and Beamish
et a1. (1983) could also lead to differences.

Even with the high specific activity (compared
with other species) found in sablefish otoliths, the
generally low activity levels of Po-210 and Ra-226
found in otoliths makes it important to carefully
evaluate reagent blanks and background activities.
Therefore, activity levels for reagent blank and
background measurements reported in four previous
studies (Bennett et aI., 1982; Campana et aI., 1990;
and Fenton et aI., 1990, 1991) were compared with
those found here (Table 2). Considering the magni­
tude of errors, the Po-210 background we found was
similar to other reported values (Table 2). The lit­
erature showed a much greater range of activities
measured in the reagent blanks. Like Bennett et a1.
(1982), we found a nonsignificant activity level in
the Po-210 reagent blank. The Po-210 reagent blank
of 0.0103 ±O.0027 dpm reported by Fenton et a1.
(1990, 1991) seems high compared with the other
findings. Also, we were the only study to report a
nonsignificant Ra-226 reagent blank activity. Except
for the Ra-226 reagent blank result, our background
and reagent blank measurements for both Ra-226
and Pb-21O are in the same range as those reported
in previous applications of radiometric ageing to fish.

The Ra-226 (or equivalent Rn-222) activity levels
were low and difficult to measure. The signal to
background ratio can be increased by using a
greater sample weight. Fenton et a1. (1991) argued
that measuring Ra-226 by using barium co-precipi­
tation with alpha spectroscopy (Sill, 1987) could also
produce a better signal to background ratio. How-



300

ever, our measurements of Ra-226 background were
similar to those of Fenton et a1. (1991).

The low activity of Ra-226 and Pb-210 in the
otoliths also requires that care be taken to avoid
contamination. The otoliths were stored in 50%
ethanol at sea. The grade of the ethanol was not
ultra-pure which could introduce contaminating
radioisotopes. Ethanol may also leach out some of
the radioisotopes during storage. Some previous fish
age-validation studies using Pb-2101Ra-226 (Fenton
et aI., 1990) stored the otoliths dry with desiccated
adhering tissues. The dry tissue proved very diffi­
cult to remove and introduced Po-210 contamina­
tion. We relied on ultrasonic cleaning to break up
any soft hydrated tissue after which the otoliths
were rinsed thoroughly. This appeared to remove
any organic material on the surface of the otolith.
Contamination by Po-210 in the adherent tissues
would increase the estimated radiometric age. In our
study, the results from age category 1 indicate that
this was not the case. Also, the grinding paper used
could also introduce contamination.

Conclusions
The goal of this study was to validate the break-and­
bum otolith ageing criteria used for sablefish at the
AFSC. Although usually lower, the radiometric ages
were within two standard deviations of the break­
and-bum ages (Table 1; Fig. 2). If a range of pos­
sible ages occurred in the break-and-bum method,
the older age was usually chosen. Since radiomet­
ric ages were consistently lower than burnt cross­
section ages (from Reader 1), this method was prob­
ably not the best way to interpret the broken-and­
burnt otolith. Possible migration of Rn-222 from the
otolith, as discussed earlier, could also explain the
difference.

Nevertheless, the break-and-bum method of age
determination for sablefish has been validated by
this study for fish up to 34 years old. This is the
maximum age regularly seen in commercial or re­
search catches. We have shown that the break-and­
bum ageing criteria applied to sablefish otoliths pro­
duces, on average, ages similar to radiometric ages.
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