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ABSTRACT

Estimation of the ages of period and stage boundaries of the Geologic Time Scale (GTS) has a long history that 
commenced over a century ago with the pioneering work of Arthur Holmes. Frequencies, precision and accuracy of 
radiogenic isotope age determinations used for time scale construction continue to increase steadily. Later stage 
boundary age estimates are accompanied by error bars based on 2-sigma age dating errors with incorporation 
of stratigraphic uncertainty. Most GTS2004 and GTS2012 results involved spline-curve fitting. In GTS2012, Milan-
kovitch-type orbital climate cyclicity was used to tune the Neogene geologic time scale while seafloor spreading 
was combined with sedimentary cycle scaling to construct the Paleogene time scale, and it also contributed to the 
construction of the Cretaceous and Jurassic time scales. Geomathematical procedures continue to be refined for 
the next GTS which is in Gradstein et al. (2020). In this study smoothing splines are used to construct Devonian and 
Late Jurassic - Early Cretaceous time scales. This methodology and its results are described and some estimates 
are refined by incorporating Milankovitch cycle durations.
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Estimación de las edades de los límites de los pisos del Devónico y 
 Cretácico en la Escala de Tiempo Geológico

RESUMEN

La estimación de las edades de los límites de períodos y pisos de la Escala de Tiempo Geológico (GTS) tiene 
una larga historia que comenzó hace aproximadamente un siglo con el trabajo pionero de Arthur Holmes. La 
frecuencia, precisión y fiabilidad de las dataciones por isótopos radiogénicos siguen mejorando continuamente. 
Las últimas estimaciones de la edad de los límites de pisos se vienen acompañando por barras de error basadas 
en 2-sigma de los errores de datación con la incorporación de la incertidumbre estratigráfica. La mayoría de los 
resultados de GTS2004 y GTS2012 requirió de ajuste de curvas por splines. En GTS2012, la ciclicidad climática 
por causas orbitales, del tipo ciclos de Milankovitch se utilizaron para tunear la Escala de Tiempo Geológico del 
Neógeno mientras que la expansión del fondo del océano se combinó con el escalado de ciclos sedimentarios 
para construir la escala temporal del Paleógeno, y contribuyó también a la construcción de las escalas temporales 
del Jurásico y Cretácico. Los procedimientos geomatemáticos continúan refinándose para la próxima GTS que 
está en prensa. En este estudio se usa el suavizado por splines para construir las escalas temporales del Devónico 
y Jurásico Superior-Cretácico Inferior y algunas estimaciones se refinan mediante la incorporación de la duración 
de los ciclos de Milankovitch.
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Introduction

Various methods have been used in the past for 
estimating the numerical geologic time scale (GTS). 
Comprehensive reviews were given in the geomathe-
matical method chapters of GTS2004 (Gradstein et al. 
eds., 2004) and GTS2012 (Gradstein et al. eds., 2012). 
For Paleozoic periods in these two earlier GTS publica-
tions, time scale construction included fitting a cubic 
smoothing spline curve (Agterberg, 2004; Agterberg 
et al., 2012). A new version of this technique (see later 
in this study) is also used for GTS2020 as shown in 
Figures 1 to 3 where the age determinations are plot-
ted in the vertical direction (along the y-axis) against 
relative stratigraphic position (x-axis). The error bars 
shown are ± 2-sigma for the age determinations and 
widths of rectangular uncertainty boxes for the strati-
graphic positions. The resulting uncertainty crosses in 
Figures 1 to 3 provide a simple check on how well the 
original data are in accordance with the best-fitting 
spline curve. On average one would expect that only 
about 5% of these crosses do not intersect the curve. 
This simple goodness-of-fit test is passed for both 
spline curves. Figures 1-3 as well as most other figures 
and tables in this paper are taken from Gradstein et al. 
(eds., in press).

To some extent, the scale initially used for relative 
stratigraphic position determines the shape of the fi-
nal spline curve fitted to the age determinations. A rel-
ative stratigraphic scale should be used that is as close 
as possible to the numerical geologic time scale (in 
millions of years) except for a linear transformation. 
Less satisfactory relative stratigraphic scales used in 
the past included scales based on sediment accumu-
lation corrected for differences in rates of sedimenta-
tion, the hypothesis of equal duration of stages (Har-
land et al., 1982), and the hypothesis of equal duration 
of biozones (Kent and Gradstein, 1986; Harland et al., 
1990; Gradstein et al., 1995).

Unless the stratigraphic uncertainty can be neglected 
in the spline fitting, each age determination is weighted 
according to the inverse of its variance s2

t(y)= s2(x) + s2 (y) 
corresponding to variances for stratigraphic uncertain-
ty and based on the published 2-sigma error bars. The 
rationale behind this relatively simple transformation is 
that the x-axis also represents a time scale with rectan-
gular error boxes of width q and s(x) = 1.15·q/4 (cf. Agter-
berg, 2002). Ideally, when stratigraphic standard devia-
tions s(xi) are combined with s(yi) values, xi and yi as well 
as s(xi) and s(yi) are expressed in millions of years and 
the line of best fit would have the simple equation y = x.

Figure 1. Best-fitting spline-curve for the Devonian in GTS2020.
Figura 1. Mejor ajuste de curvas por splines para el Devónico en GTS2020.
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A cubic-smoothing spline f(x) is fully determined by 
n pairs of values (xi, yi), the standard deviations of the 
dates s(yi), and a smoothing factor (SF) representing 
the square root of the average value of the squares of 
scaled residuals ri = (yi – f(xi))/s(yi). The method of “leav-
ing-out-one” cross-validation (Agterberg, 2004) can 
be used to determine the optimum smoothing factor. 
In this method, all observed dates yi, between the old-
est and youngest one, are successively left out from 
spline fitting with pre-selected trial values of SF. The 
result is (n – 2) spline curves for each SF tried.

In our GTS2020 applications use was made of the 
R-program smooth.spline as implemented by B.D. Rip-
ley and M. Maechler in R.Stats Package version 3.6.0, 
with uncertainties based on total variance . This R pro-
gram is freely available on the internet and widely 
used. Originally, the current spline-fitting technique 
was based on code in the GAMBIT FORTRAN program 
by Hastie and Tibshirani (1990) using a smooth-spline 
function similar to the one described in Chambers 
and Hastie (1992). The default application in R smooth-
spline is application of a technique called generalized 
cross-validation (GCV). This technique was originally 
introduced by Wahba (1985) as a possible refinement 
of leaving-one-out cross-validation (CV). Differences 
between CV and GCV are discussed by Wang (2011). 
Usually the two methods give approximately the 
same results. However, in several of our applications 
to Paleozoic data sets, CV provided better results than 
GCV. This is because it is more robust in situations 
that relatively many points along the x-axis are rela-
tively close together. In such situations, CV produces a 
smooth curve whereas the GCV result may reduce to a 
set of straight line segments connecting neighboring 
points. Best-fitting smooth curves were obtained by 
CV in all GTS2020 applications.

Schwarzacher (1993) was one of the pioneers in ad-
vocating use of the Milankovitch theory in cyclostra-
tigraphy. In GTS2012, Milankovitch-type orbital cli-
mate cyclicity was already used to tune the Neogene 

geologic time scale while seafloor spreading was 
combined with sedimentary cycle scaling to construct 
the Paleogene time scale. In GTS2020, orbital climate 
cyclicity applications for the Neogene and Paleogene 
and further improved and Milankovitch cycles are 
used for spline-fitting to obtain the Late Cretaceous 
time scale.

In this study smoothing splines will be used to 
construct revised Devonian and Late Jurassic - Early 
Cretaceous time scales. To some extent the spline es-
timates of the ages of stage boundaries for these two 
systems are refined by incorporating Milankovitch cy-
cle durations. The main reason for taking the Devoni-
an for example in this paper is that relatively few age 
determinations are available for it because of lack of 
ash layers in the Late Eifelian, the entire Givetian and 
the Early Frasnian. This called for consideration of the 
relative abundance of dates over time in the spline-fit-
ting, in addition to consideration of the age determi-
nation errors and the stratigraphic uncertainty. A new 
method based on so-called hot spot analysis will be 
introduced for the Devonian to incorporate this third 
kind of uncertainty.

Devonian Splines

In comparison with other Paleozoic periods, relatively 
few age determinations continue to be available for the 
Devonian. For GTS2012, a bootstrap method was used 
obtaining an average spline curve based on 10,000 in-
dividual splines each based on random sampling of 
random variables for all dates with normal (Gaussian) 
distributions in the y-direction and rectangular distri-
butions in the x-direction. The Devonian also has been 
the subject of a study by de Vleeschouwer and Parnell 
(2014) who applied a different method (Bchron) for 
deriving the curve relating the age determinations to 
the stratigraphic scale. In this section special attention 
is paid to the Devonian, which has a notable lack of 

Table 1. Summary of interpolated ages of Devonian epoch and stage boundaries. Radiometric age-dates (after Agterberg et al, 2020).
Tabla 1. Sumario de las edades interpoladas de los límites de épocas y pisos del Devónico. Dataciones de edad radiométrica (según Ag-
terberg et al., 2020). 
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data for the Givetian and parts of its adjoining stag-
es. It suggests that worldwide there exist gaps in the 
density distribution of age determinations along the 
stratigraphic scale. This may present a third source of 
uncertainty in time scale estimation that is independ-
ent of age determination errors and stratigraphic un-
certainty. The original GST2012 data for the Devonian, 
which were also used by Vleeschouwer and Parnell 
(2014), will be used in the next two sections to inves-
tigate the possibility of spatial clustering of Devonian 
ash beds used for the age determinations.
Table 1 is a summary of interpolated ages of Devonian 
epoch and stage boundaries in: 
a. GTS2012, using cubic splining and cross-validation, 
with bootstrapped error bars (one-sided).
b. GTS2020 data, using R cubic splining, clustering 
analysis and cross-validation (Figure 2).
c. GTS2012, using Bchron and clustering analysis.

There is no significant difference in age estimates 
using R cubic splining+ or Bchron+, with stage dura-
tions also being comparable. The main difference in 
results obtained by these two different methods is that 

the Bchron 95% error bar width shows rapid fluctua-
tions in its width. It contains about ten local maxima in 
places of minimal density of occurrences of samples 
that were dated. Differences in error bar values are dif-
ficult to assess, but Bchron assigns relatively large un-
certainty where there is a lack of age dates around or 
on one side of the interpolated age of a stage bounda-
ry. In the latter case Bchron appears to squeeze zones 
too much, in excess of their (thickness) duration un-
certainty. The R cubic splining methods honour zon-
al stratigraphic uncertainty more, limiting how far a 
stage can expand in time. The mention of (thickness) 
in parenthesis just before the previous sentence is a 
reference to the fact that the Devonian position scale 
axis for the splines is derived from a subjective esti-
mate of the duration of the Devonian zones and their 
link to the stage boundaries using relative thickness 
estimates. More information is provided by Becker et 
al. (in press) for GTS2020. The other Paleozoic periods, 
with the exception of the Cambrian that has no scal-
ing of zones and stages, use different quantitative or 
semi-quantitative methods for stratigraphic compos-

Figure 2. Best-fitting spline-curve for the Carboniferous-Permian in GTS2020.
Figura 2. Mejor ajuste de curvas por splines para el Carbonífero-Pérmico en GTS2020.
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iting to calculate a linear scale along the stratigraphic 
axis of events, zones and stages. Hence, such a linear 
stratigraphic scale can be compared to the scale with 
radiometric ages in a two-ways plot, using the splines, 
under discussion here. 

A newly derived Devonian smoothing spline (Fig-
ure 4) using the earlier GTS2012 data results in esti-
mated stage boundary ages that are close to those 
shown in Table 1. This is because it closely resembles 
the GTS2012 bootstrap spline. The latter was modified 
by connecting the dates for samples D7 and D9 with 
a straight-line segment. The new spline of Figure 4 is 
intersected by the 2-sigma error bars of all input dates 
except by those for dates D5 and D13/D14. A minor 
modification in the input data consisted of combining 
the dates for D13 and D14 into a single because they 
have the same position in stratigraphic scale accord-
ing to the following method.

Suppose that yi and yi+1 are two successive values 
with the same x-value. Their approximate 95% confi-
dence interval can be written as 2×σ(yi) and 2×σ(yi+1). 
From these two values, the weights of the two observa-
tions can be computed as wi = 1/σ2(yi) and wi+1 = 1/σ2(yi+1). 
The sum of these two weights can be written as w(x) = 
wi + wi+1 where x represents location of both yi and yi+1 
along the x-axis. The same procedure can be followed 
when more than two dates have the same value of x. If 
there are two dates only, their weighted average is

Again, the same procedure can be followed if there 
are more than two dates with the same value of x. Ap-
plication of this procedure to the GTS2020 age deter-
minations for the Devonian (Figure 1) reduces the to-
tal number of dates from 31 to 19.

The preceding statistical procedure also can be 
used for combining two different estimates at a series 

boundary. For example, the GTS2020 spline curves 
for the Devonian and the Carboniferous-Permian pro-
duced slightly different estimates for base Tournaisian 
(358.8 +/- 0.7 Ma and 359.9 +/- 0.4 Ma, respectively). 
The weighted average of these two estimates (359.3 
+/- 0.3) is probably the best estimate of the age of the 
base of the Carboniferous. It is somewhat closer to 
359.9 Ma with less uncertainty than 358.8 Ma. Like-
wise, the smoothing spline estimate for the GTS2020 
base of the Devonian is 420.6 ± 1.2 Ma, whereas com-
bined spline-curves for Silurian graptolites and cono-
donts yield 419.8 ± 1.5 Ma for this period boundary. 
The weighted average of these two estimates that is 
420.3 ± 0.9 Ma can be taken as the best estimate for 
the Silurian-Devonian period boundary.

Statistical distribution of age determinations along 
the geologic time scale

How much weight should be given to the specific lo-
cation of an age determination along the stratigraphic 
time scale? This is a philosophical question that sud-
denly has become important in GTS construction be-
cause of the conceptual modeling on which the Bchron 
algorithm is based.

Conceptually, we believe that differences of expect-
ed frequency of age determinations per unit of geo-
logic time probably exist. For example, the 29 40Ar/39Ar 
bentonite dates of Obradovich (1993) for the Late 
Cretaceous do not seem to be uniformly distributed. 
Within the 65 to 100 myr time interval, only 7 dates 
occur within the 65 to 82.5 myr time interval versus 
22 within the 82.5 to 100 myr interval. If the benton-
ites that were dated would be randomly distributed 
over the entire 35 myr time interval, the probability 
of it occurring in the younger time interval is 0.5. The 
probability that only 7 (of the 29) would occur with-
in this interval becomes 0.0029 and the probability of 
7 or fewer than 7 is 0.0041. Both these probabilities 

Table 2. Late Jurassic and Early Cretaceous spline-curve age estimates adjusted for Milankovitch-based stage duration estimates (M-dura-
tions). Final Age estimates and 2-Sigma values are given in last two columns. See text for further explanations.
Tabla 2. Edades estimadas por ajuste de cuva por splines para el Jurásico Superior – Cretácico inferior para estimaciones de duración de 
pisos basada en Milankovitch (M-duraciones). Estimaciones de edad final y valores 2-sigma se dan en las dos últimas columnas. Ver el 
texto principal para explicaciones.
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are less than 0.05 or 0.01. This suggests that there are 
probably fewer dates in the 65 to 82.5 Ma interval (and 
more in the 85.5 to 100 Ma interval) than expected for 
a random Poisson-type distribution. The probability of 
occurrence of a bentonite in the Late Cretaceous prob-
ably therefore depends on its age but how could we 
describe its time-dependent probability function?

In BChron, the estimated probability of a predicted 
age being correct is relatively large at the place of oc-
currence of a dated rock sample and even somewhat 
larger if nearby there are other dated rock samples, 
but why? The original GTS2012 Devonian time scale 
was based on only 19 irregularly distributed dates. 
Any discrete statistical model to test for systematic 

Table 3. Method illustrated for Late Jurassic and Early Cretaceous in Table 2 applied to post-Eifelian stages of the Devonian.
Tabla 3. Método ilustrado para el Jurásico Superior – Cretácico Inferior en la tabla 2 y aplicado a los pisos posteriores al Eifeliense para el 
Devónico.

Figure 3. Devonian time scale based on smoothing spline fitted to GTS2012 age determinations and stratigraphic uncertainties.
Figura 3. Escala de tiempo para el Devónico basado en el ajuste por splines con suavizado para las determinaciones de edades GTS2012 
e incertidumbres estratigráficas.
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changes in a number of dates per unit of time would 
not indicate significant clustering in time because 
sample size is too small. We could, however, look at 
differences between dates along the Devonian time 
scale. The following (purely hypothetical) example il-
lustrates why this may provide a more promising ap-
proach. Suppose that in a large study area the same 
ash layer is sampled twice at locations that are rela-
tively far removed from one another. The age deter-
minations for these two ash samples may be different 
but they would have exactly the same position along 
the relative geologic time scale. If a random distribu-
tion model is used for location of points, the probabili-
ty that two age determinations would exactly coincide 
along the time scale is infinitesimally small. A definite 
result of this type could not be obtained from the orig-
inal data when a Poisson-type model is used because 
the sample is too small. This is the reason that it will be 
good to look at first-order differences between loca-

tions of age determinations instead of at the locations 
themselves.

Simple power-law models are often used for the 
construction of contour maps for noisy geochemical 
data irregularly distributed across a study area. The 
most popular model along these lines is quadratic

 where the n values yik rep-
resent all observations located within a circular area 
with predefined radius around point k with estimated 
contour value at its center, and dik is the distance be-
tween the points of occurrence of .and yik. In our ap-
plication this isotropic squared deviation (ISD) model 
can be used as follows. Every age determination yk oc-
curs at distance dik from other age determinations yik in 
its neighborhood. For example, the age determination 
yk with value xk along the geologic distance scale is dis-
tances dik removed from its closest neighbors with lo-
cations xik = cik· (xk - xik)

-2. Use is made of the fact that xik 
already represents an estimate of yik. For convenience, 

Figure 4. Example of coefficients derived for quadratic power-law model connecting age determination with x = 17 to its three neighbors 
along the relative stratigraphic scale on each side (older and younger). Average coefficient of these six values is shown at point with Dev1 
in Figure 3. 
Figura 4. Ejemplo delos coeficientes derivados para un modelo de ley potencial cuadrática conectando las deteminación de edades con x 
= 17 a sus tres vecinos a lo largo de la escala estratigráfica y a ambos lados (más antiguo y más moderno). El coeficiente medio de estos 
seis valores se muestra en el punto con Dev1 en la Figura 3.
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a simplified linear scale was used instead of original 
position along the stratigraphic scale for the Devoni-
an in GTS2012. There is a linear relation between the 
stratigraphic scale of Figure 4 and the horizontal scale 
in Figures 5 and 6 in which xk = 17 represents sample 
D1 and xk = 136 represents Cb1. The central point in 
Figure 5with horizontal coordinate equal to 0 repre-
sents the point with xk = 17. The six other points in Fig-
ure 5 represent the three closest neighbors at either 
side of xk. In order to reduce edge effects, the series of 
18 age determinations was enlarged at both the base 
and top of the Devonian using the end-point reflection 
technique often used in time series analysis. If there 
would be no clustering of xk values, all values cik would 
be realizations of the same random variable and inde-
pendent of choice of xk value with its neighbor’s xik. 

Averages of ck values within selected neighbor-
hoods would also be the same if the points would oc-
cur randomly. The average of the six cik values shown 
in Figure 5 is ck = 0.657. Figure 6 shows similar average 

ck values for all 18 xk values. Standard deviations for all 
eighteen 6-point samples of relative ages were com-
puted and multiplied by ± 1.96 to estimate 95% confi-
dence limits for these average ck values, which are also 
shown in Figure 5. Clearly there are significant differ-
ences between these values. It is noted that the ver-
sion of the inverse square distance model used here 
is only applicable within relatively narrow neighbor-
hoods. For xk values within clusters of sampling points, 
wider neighborhoods could have been used; on the 
other hand, the choice of 3 neighbors on each side 
can be too wide for more isolated data points as illus-
trated by some points with unrealistic negative lower 
95% confidence interval values shown in Figure 6. It 
can be concluded from the preceding exercise that the 
assumption of existing significant clustering in time 
of Devonian ages is reasonable. This tentative conclu-
sion was confirmed to some extent in the following 
one-dimensional application of hot spot analysis.

Figure 5. Estimated coefficients for separate applications of quadratic power-law model at every sampling point along the relative GST2012 
Devonian time scale of Figure 3 with 95% confidence interval.
Figura 5. Coeficientes estimados para aplicaciones separadas del modelo de ley potencial cuadrática a cada punto a lo largo de la escala 
temporal relativa GST2012 para el Devónico de la Figura 3 con un intervalo de confianza del 95%.
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Hot Spot Analysis

Hot spot analysis (see e.g. Getis and Ord, 1992) is 
widely applied by geographers to enhance two-dimen-
sional patterns of random variables that exhibit spatial 
clustering. Typical examples are counts (xij) of occur-
rences (e.g. cases of a specific disease or accidents) 
for small areas (e.g. counties). Originally, the technique 
was based on Moran’s I statistic for spatial correlation. 
It led to the Getis Gi(d) statistic that satisfies:

where {wij} is an asymmetric one/zero spatial weight 
matrix with ones for all links defined as being within 
distance d of a given i, all other links being zero (cf. Ge-
tis and Ord, 1992, p. 190). SettingSetting Wi= Σn

j=1wij(d) 
it can be shown that the expected value of Gi(d) and its 
variance satisfy:

where E denotes mathematical expectation, σ2 is 
variance,

Although this technique was developed for 2D 
applications, it can be used in 1D as well. We simply 
have to think of a rectangular area in 2D that is being 
compressed onto a 1D line segment. It implies that all 
distances between points become positive. Assuming 
that Gi(d) is approximately normally distributed, the 
standard normal random variable becomes

Figure 6. Results of 1D hot spot analysis. Local neighborhoods of the GTS2012 age determination locations were used to estimate z-values 
which are shown together with their standard normal probabilities
Figura 6. Resultados de análisis de punto caliente en 1D. Los vecinos locales de las localizaciones de determinación de edades GTS2012 se 
utilizaron para estimar z-values los cuales se muestran junto a sus probabilidades estándar normales.
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In the application to the relative age locations along 
the x-axis of Figure 4, weights for all distances less 
than 6.0 were set equal to 1, and all other weights were 
set equal to zero. Application of the preceding equa-
tions then results in the z-values graphically shown in 
Figure 7. Locally, these z-values almost reach the 95% 
confidence limit. As in the previous exercise that re-
sulted in Figure 6, the possibility of clustering of ages 
along the horizontal scale is indicated. It is noted that 
anti-clustering locally is statistically significant at the 
0.05 level of significance in the vicinity of the Givetian 
where density of age determinations is at its lowest. 
In the next section this fact will be used to modify the 
width of the 95% confidence belt on the best-fitting 
smoothing spline in Figure 2. It is also noted that the 
z-values and probabilities in Figure 7 show downward 
trends at the beginning and the end. These are end 
point effects that could have been reduced to some 
extent by application of the 1D end point reflection 
technique used to construct Figure 6.

New Approximate Devonian 95% Confidence Interval

The procedure of Paleozoic time scale construc-
tion followed in GTS2004 was based on the idea that 
a plot of the observed age determinations against the 
estimated spline ages is approximately according to 
a straight line with the simple equation y = x. This pro-

cedure is equivalent to the method originally used by 
McKerrow et al. (1985) and Cooper (1999). The 95% 
confidence belt for this line at any point (xk, yk) satisfies

(cf. Agterberg, 1974, Equation 8.31).
The total number of observations n = 19 and Stu-

dent’s t (17) = 2.11. The Devonian weights used for the 
spline-fitting that resulted in Figure 1 are shown in Fig-
ure 8. There are two ways in which the standard devi-
ation se can be calculated: weighted or unweighted. In 
the weighted method, which is to be preferred, every 
age determination is weighted according to the in-
verse of its variance. In the unweighted method all age 
determinations are given equal weights. In the current 
application the weighted method was used. Figure 9 
shows the 95% half-confidence belt for the Devonian 
as a solid line. For the Devonian, the approach was 
taken one step further to account for the probable var-
iations in density of sampling points investigated in 
the preceding section.

Suppose that mk for point k is the number of oth-
er observations within a time interval of 10 myr. The 
maximum number of other observations within a time 
interval of 10 myr is max(mk) = 7. Density of observa-
tions for point k then can be set equal to dk = mk /
max(mk). The reciprocal of this measure of density 

Figure 7. Weights of GTS2020 Devonian dates as a function of estimated spline value
Figura 7. Pesos de las dataciones de GTS2020 para el Devónico como una función del valor del spline estimado.
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provides a measure of sparseness of observations 
at any data point. Dividing the values of the 95% 
half-confidence interval results in the values shown 
in Figure 8 as solid squares. These values fall ap-
proximately on the broken line also shown in this 
figure. The broken line provides approximate 95% 
confidence intervals for the estimated ages of the 
GTS2020 Devonian stage boundaries shown in Ta-
ble 1. In addition to the increases in uncertainty to-
wards top and base of the Devonian, Figure 9 shows 
extra uncertainty at top and bottom of the Givetian 
where there is a relative lack of age determinations. 
The preceding procedure for the Devonian remains 
approximate and somewhat speculative because of 
lack of information.

Application to the Late Jurassic - Early Cretaceous

Spline-fitting as applied to Paleozoic periods in 
GTS2020 was also used to help obtain the GTS2020 
Cretaceous time scale. The critical factor for the Ear-
ly Cretaceous scale in GTS2020 is that a rather high 
resolution U-Pb radiometric, geomagnetic and cy-
clostratigraphic dataset is now available for the Ti-
thonian through Barremian, not known during con-
struction of GTS2012.

Figure 10 is a plot of radiometric age against mid 
km M-sequence values that span 1198.2 km in total. 
In order to incorporate stratigraphic uncertainty, s (x) 
was estimated for each distance value (x) by multiply-
ing its sigma value by the ratio of total time interval (= 
47.8 myr) and the span of 1198.2 km in order to make 
use of the total variance equation: s2

t(y)=s2(x)+s2(y) (see 
Introduction). The resulting smoothing spline, which 
is also shown in Figure 10, is almost exactly a straight 
line representing constant seafloor spreading. The cor-
responding weights Wt = 1/ s2

t(y) are given in Figure 11 
and the deviations themselves are shown in Figure 12. 
These deviations are very small. The spline-curve in 
Figure 10 is approximately a straight line with the 
equation y = 0.0372·x + 122.77, a result that can also 
be obtained by using the method of ordinary least 
squares. Degree of fit for this line could not be im-
proved significantly by including higher order terms 
in the polynomial equation fitted by the method of 
least squares.

Mid km M-sequence distances of stage bounda-
ries are given in column 2 of Table 2 with the corre-
sponding ages in column 3. These age estimates are 
also shown in Figure 10. It is noted that contrary to 
the Devonian period applications shown in Figures 2 
and 4, relatively many uncertainty crosses do not in-
tercept the best-fitting cubic spline curve. A probable 

Figure 8. Approximate uncertainty factor used to widen 95% confidence belt incorporating changes of density of dates along the GTS2020 
Devonian time scale.
Figura 8. Factor de incertidumbre aproximado utilizado para ampliar la banda con intervalo de confianza del 95% incorporando cambios 
de densidad de las dataciones a lo largo de la escala temporal GTS2020 para el Devónico.
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Figure 9. Best-fitting spline-curve for the Early Cretaceous in GTS2020.
Figura 9. Mejor ajuste de curva por splines para el Jurásico Superior – Cretácico Inferior en GTS2020.

explanation of this fact is that the reported 2-sigma 
values of the age determinations are systematically 
too low. Nearly all uncertainties in the mid km M-se-
quence values are negligibly small. In GTS2004 Ap-
pendix 3 (Gradstein et al., eds., 2004) it was pointed 
out that, if all standard deviations of the dependent 
variable all too small by a factor c, the estimates of 
the two coefficients of the best-fitting straight line 
remain unbiased. It is only that their standard devi-
ations, and their co-variance, are underestimated by 
the factor c. The doubly hyperbolic 95% confidence 
interval on the best-fitting straight line also would be 
too narrow (by the factor c). In order to avoid this 
problem and to obtain 2-sigma values of the stage 
base estimates we have followed the simple alter-
native method described previously (see section on 
estimation of approximate 95% Devonian confidence 
interval) by assigning equal weights to all data points 
plotted in Figure 10.

Kent and Gradstein (1985), in their Cretaceous 
and Jurassic geochronology study for the Decade 
of North America Geology publications arrived at 
constant and linear spreading of the M-sequence as 
a reasonable template to interpolate the Oxfordian 
through Barremian time scale. Despite use of few tie 
points for the age versus M-sequence km plot, the 

Jurassic-Cretaceous boundary was interpolated by 
Kent and Gradstein (1985 and 1986) at 144 Ma, only 
slightly older than the current 143.1 ± 0.6 Ma.

Although the patterns of 2-dimensional distri-
bution of points in Figures 10 and 11 are similar to 
patterns obtained for Paleozoic periods including the 
Devonian, the slightly different procedure (unweight-
ed deviations from the spline-curve) was used for 
estimating the 95% confidence limits of the estimat-
ed Late Jurassic - Early Cretaceous stage boundary 
ages. As pointed out before, unweighted deviations 
from the spline were used instead of weighted devi-
ations because the 2-sigma values for the dates are 
probably underestimated. Table 2 contains estimated 
spline ages for Aptian to Callovian stage bases for 
which mid km M-sequence values were available 
along with their estimated 2-sigma values.

In the next two columns of Table 2 durations ac-
cording to the spline-curve are compared with Mi-
lankovitch-cycle duration estimates (C-Durations in 
Table 2) Although the spline ages are probably unbi-
ased estimates of the true ages, the C-durations are 
probably better stage duration estimates. Much of 
the tuning of Aptian-Albian time has been based on 
the Piobboco core (Tiraboschi et al., 2009), drilled into 
pelagic and hemipelagic strata in the Umbria-Marche 
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Figure 10. Weights of Early Cretaceous dates as a function of estimated spline values..
Figura 10. Pesos de las dataciones Jurásico Superior – Cretácico Inferior como una función de los valores estimados por splines.

Apennines, central Italy. Although the Albian dura-
tion, using cycles of 12.45 ± 0.5 is well established, 
the same is not the case for the Aptian. In GTS2012 
a duration of 13.3 myr is now being contested and a 
shorter duration of 8.1 ± 0.5 is considered more like-
ly and adhered to in this study. There is evidently a 
problem with the cyclostratigraphical interpretation 
of the lower part of the Piobboco core (Gale et al., in 
press). 

Sums of durations from the Callovian to Albian 
(Table 2) are 63.40 myr (spline durations) and 61.48 
(C-durations), respectively. The difference between 
these two sums of durations is 1.92 myr. Assuming 
that the Callovian and Albian age estimates are un-
biased, the C-durations can be corrected so that their 
sum also becomes 63.40 myr. The resulting C-dura-
tions are listed in the Duration-2 column of Table 2. 
The resulting stage boundary ages are shown in the 
Age-2 column. However, when the summation is car-
ried out from the Albian to the Oxfordian (instead of 
from the Albian to the Callovian) the spline age inter-
val becomes 48.32 myr and the difference between 
sums of duration is reduced to 0.84 myr. Assuming 
that this estimate is unbiased, the M-durations can 
be adjusted so that their sum becomes 48.32 myr as 
well. The corrected M-durations then can be used to 

estimate stage base age estimates between the Albi-
an and the Oxfordian. These adjusted estimates to-
gether with the previously obtained estimates for the 
Kimmeridgian, Oxfordian and Callovian are shown as 
final age estimates in Table 2 along with the original 
spline-based 2-sigma values.

Milankovitch cycles for the Early Cretaceous are 
better established than those for the Paleozoic. Rel-
atively reliable Milankovitch durations for four De-
vonian stages are listed in Table 3. Total duration 
estimates based on the spline-curve and sum of 
Milankovitch durations are 34.9 myr and 30.6 myr, 
respectively. If 34.9 myr would be accepted as the 
better estimate and used to correct the Milankovitch 
durations using the same method as that used for the 
Early Cretaceous, the final Devonian stage estimates 
would become as those shown in the last column of 
Table 3. These estimates differ from those previously 
given in Table 1.

Concluding remarks

Estimation of the ages of period and stage boundaries 
of the Geologic Time Scale (GTS) has a long history 
(Gradstein et al, eds., in press). This paper was con-
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Figure 11. Deviations of input ages from spline-curve of Figure 9.
Figura 11. Desviaciones de las edades de entrada de la curva ajustada por splines de la Figura 9. 

cerned with aspects of estimating the Devonian and 
Early Cretaceous time scales as used for GTS2020. The 
purpose of time scales remains to calculate the ages 
of stage boundaries (in Ma) and other events along the 
worldwide stratigraphic scale, which is relative, from 
reliable radiogenic isotope age determinations. Quan-
tity and quality of the input information continues to 
increase steadily. If there remain significant uncertain-
ty in the time scale age estimates these should be ac-
companied by error bars which are based on both the 
2-sigma age dating errors and any stratigraphic uncer-
tainties. Most GTS2004 and GTS2012 results involved 
spline-curve fitting but in GTS2012 Milankovitch-type 
orbital climate cyclicity was used to tune the Neogene 
geologic time scale while seafloor spreading was com-
bined with sedimentary cycle scaling to construct the 
Paleogene time scale. Cycle scaling also contributed 
to the construction of the GTS2020 Cretaceous and Ju-
rassic time scales.

Geomathematical procedures continue to be re-
fined for GTS2020. In this study smoothing splines 
were used to construct Devonian and Early Creta-
ceous time scales. This methodology and its results 
were described and several estimates were refined by 
incorporating Milankovitch cycle durations. In addi-
tion to the 2-sigma dating errors and uncertainties in 
positions of the dated samples along the stratigraphic 
scale, geologic time clustering of dates was investigat-
ed as a third source of uncertainty for the Devonian 
which has a relative lack of input dates from the Late 
Eifelian to the Early Frasnian. Statistical significance 
of long-term fluctuations of this type was investigated 
using a 1-dimensional version of Getis-Ord hot spot 
analysis. It is likely that this additional source of un-
certainty will become more important in future when 
more dates will become available. Likewise, Milanko-
vitch-type orbital climate cyclicity probably will contin-
ue to improve the Mesozoic and Paleozoic time scales.
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