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SUMMARY
Most glacial rebound studies have been carried out with respect to the radiocarbon
timescale, whose departures from the calendar timescale are becoming increasingly well
established. In consequence, it has sometimes been argued that the choice of the
radiocarbon timescale may invalidate some of the conclusions drawn from rebound
and sealevel analyses. The purpose of this note is to compare rebound model results
based on both timescales, using the British Isles data for the test. The results indicate
that the choice of timescale is unimportant provided that the time dimension of
viscosity is appropriately deflned. The results confirm that the radiocarbon viscosities
are about 15 per cent less than the corresponding calendar-time viscosities. Also,
provided that consistency of timescales is maintained in the analysis, and fhat the time-
accuracy estimates of the radiocarbon data reflect the departures from a linear timescale,
the use of the radiocarbon timescale does not impinge on inferences drawn about the
timing of melting of ice sheets or eustatic sea-level change.
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timescale can be expected to suffice, the only di-fference being in
the definition of the mantle rheology: whether the viscosity is
defined in Pa (C-14) s or in Pa (calendar) s. This distinction is
not wholly trivial, since the rates of the two timescales differ on
average by about 15 per cent for the past 15000 years.

The departure of the radiocarbon timescale from the calendar

INTRODUCTION

The primary source of information on the viscosity of the
Earth's mantle is from the rebound of the crust and the
associated sea-level change in response to the unloading of the
late-Pleistocene ice sheets. Time enters into the formulation of
the rebound models in three ways: through the definition of the
evolution of the ice sheet, through observations of the height--
age relationships of shorelines and other sea-level indicators,
and through the mantle rheology. The observed evidence for
both the ice-sheet history and the sealevel data since about
the time of the last glacial maximum are mostly referenced
to the radiocarbon timescale, so that the time constants
defining the mantle rheology will also refer to this timescale.
Comparisons of the radiocarbon (C-14) timescale with calendar
timescales such as those based on dendrochronology or varve
chronology have shown that the carbon timescale departs
signiflcantly from the latter, an observation that is confirmed
by the more recent calibration of the C-14 timescale against
the uranium-thorium timescale using corals.

Because of the differences between the two timescales it has
sometimes been argued that inferences about ice sheets drawn
from the rebound models are inappropriate or inexact (e.g. Bard
et al. 1990; Peltier 1991). But this would only be the case if the
departures of the timescales from each other were significantly
non-Linear (Lambeck & Nakada 1991). Otherwise, provided a
consistent timescale is used to describe both the ice sheet move-
ments and the observational data for the crustal rebound. either
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Figure 1. Radiocarbon time versus calêndar time based on cali-
brations ofthe radiocarbon time against dendrology timescales (Stuiver

& Reimer 1993) and uranium series timescales (Bard et a\.1.990,1993).
The error bars indicate typical observational accuracies assumed for
the radiocarbon ages in the rebound analysis.
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timescale is, in the first instance, alinear one such that the last
deglaciation started about 3000 years earlier when ¡eferenced to
the U{h (or calendar) timescale than when referenced to the
radiocarbon timescale (e.g. Bard et al.1990). But departures from
linearity can be significant, particularly around the important
period near the Pleistocene-Holocene boundary where the radio-
carbon timescale tends to plateau out so that successive events
tend to have the same radiocarbon age (Fig. 1). In the rebound
modelling of Lambeck (1993)and Lambeck et al.(1996) this has
been taken into consideration by increasing the uncertainty in
the radiocarbon ages over and above the formal analytical error
estimates. Thus, when the raw observational data are based on
radiocarbon dating, the use of the calendar timescale does not
increase the accuracy of these data.

With the improving accrÍacy of the timescale calibration, it is
becoming increasingly clear that the departures of the C-14
timescale from linearity are signiflcant (Stuiver & Reimer 1993;
Bard et al. 1993) and that these excursions could be important

when it comes to inferring details of the ice sheets from geological
observations of crustal rebound or sea-level change, and here it
may be more appropriate to use a calendar timescale. Also, with
the extension of rebound modelling further back in time, where
the primary evidence is based on the U-Th timescale, a change
to the calendar timescale is also appropriate.

The primary purpose of this research note is to establish
quantitatively whether or not the choice of timescale is import-
ant when inferring mantle viscosity from sealevel data. This
is done by repeating the analysis outlined in Lambeck et aI.
(1996) using the sea-level data for the British Isles, but in this
case all observational data, as well as the ice sheet history,
have been converted from the C-14 timescale to calendar years.

M O D E L  R E S U L T S

The conversion of the radiocarbon timescale is based on a
combination of dendrology data and uranium-series data using
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(c) Lower mantle viscosity (Pa s) (d) Lithospheric thickness (km)

Figure 2. Variance plots for the comparisons of seaJevel observations with model predictions as functions of lithospheric thickness I{t,
upper-mantle viscosity 4* and lower-mantle viscosity 4¡". In (a) and (b) all observations and ice sheet defrnitions are referred to the radiocarbon
timescale. In (c) and (d) the observational data refer to the calendar timescale. (a) and (c) illustrate the variance function in 4*-4. space for
l{:80 km, and (b) and (d) illustrate this function in 1{-4* space for 4r-: lgzz pu ,.
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Table !. Estimates of mantle rheology parameters for the solutions
referred to the two different timescales.

4* (1020 Pa s) r¡t; (1022 Pa s)

Radiocarbon
timescale

Calibrated
timescale

(a) '

I 0 5

time (xI000 radiocarbon yeus BP)

(b) '
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radiocarbon timescale

- 6 4 - 2 0 2 4 6

(observed-predicted)/standard deviation

calendar timescale

- 8 - 6 - 4 - 2 0 2 4 6 8

(observed-predicted)/standard deviation

Figure 4. Histograms of residuals between the observed and the
predicted relative sea levels, normalized by the observational standard
deviations, for the two solutions: (a) radiocarbon timescale solution,
lb) calendar timescale solution.

Smither & Johnston 1998). Hence the results for the predictions
of seaJevel change for the British sites will differ from those
previously published, but only in a minor way. In the previous
work the radiocarbon timescale was used out to the time of
the last glacial maximum, whereas the earlier cycles were
related to calendar years through the eustatic sealevel curve
inferred from the orbitally tuned oxygen isotope record. This
has the consequence that the duration of the last glacial
maximum in these calculations is too long by about 3000
years, and this could lead to an overestimation of maximum
sea levels at the time of the last glacial maximum because the
isostatic response to the actual glacial load is of shorter
duration than assumed in the model, Since few observations
are available for this time, or for late glacial times for that
matter, this can also be expected to have little impact on the
inferences of mantle viscosity.
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Figure 3. Estimates of the eustatic sea-level correction term fo¡ the
two solutions: (a) ¡adiocarbon timescale solution, (b) calendar timescale
solution. These functions represent corrections to the nominal eustatic
sealevel functions corresponding to the global ice models assumed in
the models used here (see Lambeck 1993 for details).

the CALIB-3.0 relationship (Stuiver & Reimer 1993). The
dendrology data provide a good calibration throughout the
Holocene (oxygen isotope stage 1), whereas the UrTh data of
Bard et aI. (1993) provide the extension back into the oxygen
isotope stages 2 and 3. The relationship between the two
timescales for these latter periods is less precise than that for
the Holocene and more work is appropriate in defining this
relationship. No reservoir correction has been applied in the
conversion, since any C-14 ages for which such a correction
would have been appropriate have already been so corrected.

In the rebound model, the ice sheets for the glacial cycles
for the past 125 000 years are assumed known. These are the
same as discussed in Lambeck et al. (1996) except that for
Scandinavia a new ice sheet has been used, on the basis of a
recent analysis of sea-level data from this region (Lambeck,
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Figure 5. Time-series for observed and predicted sea levels at four sites (see Lambeck 1993 for details of the observations). The plots on the left
correspond to the C-14 timescale; the plots on the right correspond to the calendar timescale.
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The mathematical model and parameter estimation pro-
cedure used to infer the viscosity structure from the sealevel
data have been previously discussed (Lambeck 1993; Lambeck
et al. 1996). The ice models and coastlines were defined with
high resolution and the spherical-harmonic expansions of the
various functions were carried out to degree 256. Coastlines
were functions of time and the contributions from the water
loads were rigorously evaluated using an iterative procedure.
Only three-layer models were considered here, defined by a
lithosphere of effective thickness ff,, an upper mantle (from
the base of the lithosphere to the 670 km seismic discontinuity)
of average effective viscosity 4* and a lower mantle of viscosity
46. Other parameters varied continuously within the mantle
according to seismic estimates and the mantle was considered
to be compressible. The phase boundaries were assumed to
behave as material boundaries (Johnston, Lambeck & Wolf
1997). ̂ search through a wide range of the parameter space
deflned by Hy qu and 46 was conducted and the parameters
that led to the best agreement between the observations and
predictions in a least-squares sense were estimated. The analysis
was first conducted with all observational data-sea level and
ice sheet limits-related to the radiocarbon timescale. It was
then repeated with all data referenced to the calendar timescale.
All other aspects of the two series of calculations were identical.
Fig. 2 illustrates a subset of the results for the two tests: for (a)
and (c), ¡rr:80 km and 4- and \6 à.re variable; for (b) and
(d), 4*:1022 Pas and Ir1 and 4^ are variable. The variable
plotted is the weighted least-squares measure of fit of each
model (in the parameter space defined by the axes) to the
observational database for the British Isles discussed by
Lambeck (1993). (These particular solutions include a scale
parameter for the ice heights as unknowns but do not include
a correction term for the eustatic sea-level function as an
additional unknown.) The corrections were estimated in a
subsequent iteration, in which the sealevel predictions based
on the optimum earth-model parameters were compared with
the observations (Lambeck 1993). Table 1 summarizes the
corresponding least-variance solutions. The two solutions give
comparable results in that the overall least variances are nearly
equal, and for both 4u- and 4¡, the calendar-year solutions
lead to viscosities that are about 15 per cent greater than for
the corresponding radiocarbon solutions. This latter result is
consistent with the expected difference between the viscosities
expressed in terms of either calendar seconds or radiocarbon
seconds.

CONCLUSIONS

The above comparisons illustrate that in so far as solutions
for the mantle viscosity are concerned, the choice of timescale
is not important provided that the same timescale is used
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throughout and that the viscosity is appropriately defined.
Other aspects of the complete solution also remain essentially
unchanged. The estimate of the correction term to the eustatic
sea-level function, for example, remains unchanged, except in
the timescale, as is illustrated in Fig. 3, and the conclusions
drawn previously about a small increase in ocean volume over
the past 6000 years (Nakada & Lambeck 1988) remain
unchanged. The statistical characteristics of the two solutions
are also very similar, as is illustrated in Fig. 4 for the two
cases. Likewise, for individual time-series, the two solutions,
based in each case on the earth models corresponding to the
least-variance solution, yield similar agreements and disagree-
ments with observed values (Fig. 5), and some of the discrep-
ancies previously discussed (Lambeck L993, L995) cannot be
attributed to the nonlinearity of the radiocarbon timescale
used in the earlier studies. Thus, within the current level of
observational accuracies for the sea-level data and the limits
of the ice sheets, the use of the radiocarbon timescale does not
introduce systematic errors into the resulting model param-
eters, nor does it contribute significantly to the more random
or geographically localized errors in the solutions.
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