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Magnetostratigraphic data can provide information on rates of
sediment accumulation within a single sedimentation system over
time spans from 10* to 10° yr. The short-term rate of sediment
deposition varies with time; the apparent average rate over any
longer interval also depends on the relative durations of periods
of deposition, stasis (non-deposition), and erosion. While the
average rate can be used to infer the time of occurrence of an
event from its stratigraphical position, the inferred age has an
uncertainty deriving from the variability in rate of sediment
accumulation over all shorter timescales. We analyse here variabil-
ity in sediment accumulation rates provided by the magneto-
stratigraphy of Miocene, Siwalik sediments from Pakistan. For
long periods (>10° yr), sediment accumulation is approximately
linear through time. Over short intervals (10°-10° yr), however,
there is considerable variability. To provide an error term for an
absolute age interpolated between boundaries of polarity units, we
use a resampling technique similar to the statistician’s ‘bootstrap-
ping’. We illustrate this approach by estimating a standard error
for the interpolated age of a biostratigraphical datum: the first
appearance of hipparionine equids in the Siwalik sequence near
the town of Khaur. The first appearance of “Hipparion” in the
Khaur sequence is 9.22+0.09 Myr.

The assignment of absolute age estimates to sedimentary rocks
requires either horizons susceptible to radiometric dating or
access to the geomagnetic reversal timescale (GRTS). Fossils
may indicate relative chronology in sedimentary rocks but do
not convey information about absolute age. Thus, stratigraphical
sections usually contain an arbitrary scatter of levels from which
ageinformation is available. Ages of all other levels are estimated
indirectly by linear interpolation between levels of more accur-
ately known age.

Linear interpolation of an estimated age within a strati-
graphical section assumes that the sediment accumulation rate
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Fig. 1 Cumulative stratigraphic thickness over time in Siwalik
sediments of northern Pakistan. Chinji and Khaur are two geo-
graphical areas in the same depositional system; Kaulial and Hasal
are local section names®. Each data point demarcates a reversal
of magnetic polarity. Triangles represent data from the Chinji area
and circles data from the Khaur area. Solid symbols, strata older
than 11 Myr; open symbols, strata younger than 11 Myr. A change
in sediment accumulation rate occurred between 10 and 11 Myr,
as indicated by the change in slope. Net sediment accumulation
appears to be linear through time for the Chinji data older than
11 Myr and for the Khaur data younger than 11 Myr.

calculated for the longer, dated portion of the sequence also
applies to much shorter time intervals. This is rarely the case.
Uniless sediment accumulates continuously and without erosion,
sediment accumulation rate decreases as ‘the time span of
measurement is increased'™>. Thus it is necessary to consider
when linear interpolation of an age estimate is justified, and
how to assess the accuracy of the age estimate. Sadler® proposed
replacing an interpolated age value by an age range based on
an estimated incompleteness of the section. The completeness
estimates?* are based on the pattern of sediment accumulation
rate versus time span for a large compilation of data from one
class of sedimentary environments, such as fluvial systems. There
is, however, no particular reason why any such variance should
usefully model the variance within a sedimentation system.

A more direct approach is to exploit observable variability of
sediment accumulation rates within a sedimentation system to
build a statistical description of the relationship between sedi-
ment accumulation and time. The problem in age interpolation
is how to estimate the proportion of time span present in a
known proportion of sediment thickness from the interval of
interpolation. One way to assess the standard error of such ages
is to document this variability using intervals of a similar length
for which age is not interpolated but is rather observed. Long
magnetostratigraphic sections provide independent measure-
ments of sediment accumulation rate for every discernible mag-
netic polarity interval. We demonstrate a method of ‘resampling’
a magnetostratigraphic section to generate multiple intervals
that can be divided into shorter intervals of known time span
and thickness. The original and resampled data together provide
an estimate of the standard error about an interpolated age.
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Fig. 2 Magnetostratigraphy from the Kaulial section in the Khaur
area’ illustrating the resampling method discussed. Absolute ages
are indicated from the geomagnetic reversal timescale whenever a
polarity interval is represented by at least three palacomagnetic
samples. Two timescales are used: that of Mankinen and Dal-
rymple® (right) and the new chron names (left) of Berggren et al®
given in the text. The first appearance datum (FAD) of * Hipparion”
occurs within the long normal interval of Chron C5N. On the right,
an interval is extracted from the left-hand record that is of about
the same duration as Chron C5N. This long interval can be sub-
divided in seven different ways into complementary segment pairs
of known thickness and time span; there result 14 calculations of
proportion of sediment thickness and of time span. Of these seg-
ment pairs, three divide the long interval into segments between
33 and 67% (stippled band) of the whole. Ten intervals of durations
between 1.2 and 1.8 Myr were located in Chrons C4 and C4A; the
104 segment pairs that can be formed within them provide the data
in Fig. 3.

The data for demonstrating our approach are contained in
two magnetostratigraphic studies of Siwalik sediments from
Pakistan™®. Siwalik rocks are a Neogene molassic sequence
representing multiple fluvial systems on the southern margin of
the Himalayas’. The pattern of Siwalik sediment accumulation
through the middle to late Miocene in northern Pakistan is
illustrated in Fig. 1. The Khaur sections exhibit higher sediment
accumulation rates because they were closer than the Chinji
sections to the inferred source area. In both areas, a change in
sediment accumulation rate occurred between 10 and 11 Myr
in response to an episode of Himalayan uplift®. This event, the
major secular trend, constitutes a change in the controls of the
sedimentation system. In each geographical location, sediment
accumulation appears stationary on either side of this event.
For the remainder of the discussion, we focus on a portion of
the Khaur data.

Magnetostratigraphic data from the Khaur area are docu-
mented in 14 measured stratigraphic sections®, each spanning
part of a 2,100-m interval over a lateral extent of ~25 km. (Only
two of these sections are shown in Fig. 1.) The sections are
correlated by lithological marker horizons and magnetic polarity
stratigraphy; sampling densities ranged from 1 in 3m to 1 in
23 m. Altogether, the composite Khaur section represents 6.5-

about its centre. The standard error (vertical bar) of 0.06 (6%)

was calculated for data in the region of the solid line (n =40),

corresponding to subsamples of 50+17% of the whole interval.

The value of +6% appears characteristic of a considerably wider
range of sediment proportions, perhaps 18-82%.

10.0 Myr, Chrons C4-C5N (terminology of Berggren et al®),
(We indicate also the GRTS of Mankinen and Dalrymple® in
Fig. 2, for consistency with earlier studies. The choice of time-
scale does not affect the results of the technique presented here.)
The longest continuous magnetostratigraphic section in deposits
younger than 11 Myr, from Kaulial Kas (a local valley name),
serves as the basis for the example discussed below (Fig. 2). The
sampling density for this section ranged from 1in 19mto 1 in
23 m.

Siwalik sediments, rich in mammalian fossil remains, con-
stitute the standard for South Asian, Neogene mammalian bio-
stratigraphy'®''. The first appearance of the three-toed horse
“ Hipparion” in the Khaur Siwalik sequence is significant, both
because it marks a rapid faunal turnover within the Siwalik
mammalian fauna'® and because it is used to link Miocene
mammalian sites in the Old World'?. *Hipparion™ includes
several hipparionine taxa not always represented by fossils
diagnostic to the species level.) Since the first appearance of
“Hipparion” in the Siwaliks occurs >2 Myr later than its first
appearance in European and African sites'*"'*, this event is also
controversial. But it lies in the middle of the long normal interval
of Chron C5N, thus being a genuine problem in age interpo-
lation.

In the Kaulial section, the lowest occurrence of *‘ Hipparion™
is at the Harvard-Geological Survey of Pakistan Locality 395
(J. Barry, personal communication). Stratigraphically, Locality
395 lies 510 m above the base of the long normal unit, which is
940 m thick in Kaulial Kas (Fig.2)°. A linear interpolation
estimates this event to be 0.78 Myr younger than the age at the
base of the long normal unit, or 9.22 Myr in absolute time. The
“‘Hipparion” datum is near the middle of the long normal unit.
To assess the expected error of this age estimate, we must know
how the proportion of time span varies in relation to about half
the sediment thickness for time intervals about the same length
as the long normal period. Within the combined sequence of
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Chrons C4-C4A, it is possible to delimit various intervals of
durations between 1.2 and 1.8 Myr. These intervals can be sub-
divided into complementary pairs of segments, some represent-
ing about half of the full interval. For each segment, the dis-
crepancy between proportion of time span and proportion of
sediment thickness is directly observable. Thus, we use the
pattern of sediment accumulation for a younger portion of the
sediment regime to estimate the variance in an older part of the
regime; the implied assumption of stationarity is justified by the
linear pattern of cumulative stratigraphic thickness over the
entire Kaulial sequence.

The resampling technique is illustrated in Fig. 2. The long
interval shown as an example is 1.48 Myr in duration according
to palacomagnetic correlation. This interval contains nine short
polarity intervals, of which the smallest, at 7.21 Myr, was rep-
resented by less than three samples. It was grouped with the
next interval below it. (The same criterion was used to group
together the four short intervals from 6.54 to 6.68 Myr in other
samples.) The long interval may thus be broken into two pieces
of known age in seven different ways. For each division, we
calculated the proportion of total sediment thickness and pro-
portion of total time span represented in each segment. In all,
10 long intervals, ranging from 1.25 to 1.77 Myr, were identified
and subdivided in a similar fashion: these produced 104 seg-
ments, represented in Fig. 3.

For the *““Hipparion” problem, the variance we need should
correspond to a thickness proportion of ~0.50. We computed
the mean sqaure

3 (time proportion —thickness proportion)?
n

of time proportion about thickness proportion for thickness
proportions between 0.33 and 0.67 (the solid line in Fig. 3). This
quantity is equivalent to the variance in time proportion around
a regression line on thickness proportion forced to have a slope
of 1 and forced, also, to pass through the origin. For n =40,
within the central third of the range, the standard error of this
discrepancy is 0.06. Thus, the standard error of the age estimate
for the *“ Hipparion” datum should be taken as 6% of 1.44 Myr.
By this approach, the age of the first appearance of *“ Hipparion”
in the Khaur Siwalik sequence is 9.22 +0.09 Myr.

This method of generating a standard error is similar to
bootstrapping, jackknifing, and other resampling techniques of
modern statistical data analysis. One sample is used to generate
many others through intensive resampling of the same data
set'®!". The data of Fig. 3 are not statistically independent, even
though that was assumed for the data of the original sample.
In these circumstances, the computed value of 0.06 is a point
estimate only, having no standard error itself.

The value 0.06 pertains to this particular situation, that is, the
proportion of time span represented by 33-67% of sediment
thickness for intervals of 1.2-1.8 Myr duration in Chrons C4
and C4A in the Kaulial section. The same standard error would
apply to an interpolation problem concerning 55% of a polarity
interval of 1.7-Myr duration, but not to 55% of an interval of
0.5-Myr duration. For this second case, it would be necessary
to generate another sampling distribution. It is ultimately the
pattern of the observed palaeomagnetic data which determines
how the resampling technique can be applied. It would not be
possible, in our example, to determine a standard error for
intervals of 0.08 Myr duration, this being the shortest interval
represented.

This standard error is not the only source of uncertainty in
an interpolated age. Palacomagnetic dates bear the limitations
in time resolution of the GRTS, and the stratigraphic placement
of reversal boundaries is partly a function of sample spacing.
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These factors contribute additional uncertainty to any
palaeomagnetic age estimate (including age interpolations),
although the error should not be a systematic one. The standard
error calculated by this resampling method can be considered
a minimum value attributable to variability in sediment accumu-
lation rate.

Variation in sediment accumulation rates can be attributed
to variation in instantaneous sedimentation rates and in com-
pleteness of stratigraphic sections. In a complete stratigraphic
section with low variability of instantaneous sedimentation rates,
linear interpolation provides the best estimate of age. But most
stratigraphic sections cannot be considered complete. Even in
systems such as lakes or deep ocean basins where deposition is
virtually continuous, sediment is reworked by deep currents,
turbidite processes, or dissolution. In fluvial systems, such as
the Siwaliks, deposition in any one location is markedly discon-
tinuous, even though deposition may occur most of the time
somewhere in the system.

In incomplete sections, the results of linear interpolation are
most plausible when gaps are relatively short and evenly dis-
tributed throughout the sedimentary record. But such convenient
models cannot be assumed in general. The distribution of gaps
relative to record must be interpreted in part by stratigraphic
information from the section(s) under investigation. Fifty meters
of laminated silt imply a markedly different distribution of gaps
than 50 m of cross-bedded sandstone. When a pattern of sedi-
ment accumulation contains long, unevenly distributed discon-
tinuities, linear age interpolation may be very prone to error;
and whenever the magnitude of depositional and erosional
events varies widely, the record is likely to be dominated by
rare events of high magnitude'®.

These considerations argue against the computation of age-
estimate errors according to any general stochastic model. In
contrast, the resampling technique demonstrated here indicates
the root-mean-square amount by which the interpolated age
estimate differs from a ‘known’ value as a result of the variability
in sediment accumulation rates specific to the particular
sequence within which the interpolation is taking place. In this
way, each system is characterized by its own pattern of variation
in sediment accumulation rates, reflecting its own external fac-
tors, such as source-area uplift, or internal factors, such as local
reworking of sediment.
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