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Abstract Traditional approaches to age‐depth modeling typically assume no uncertainty for the depth
value of dated intervals. However, such an assumption may not be fully valid in the case of poor coring
recovery or significant sediment deformation, as well as in the case of a large subsampling interval. In
consideration of these issues, we present a new age‐depth modeling routine, Undatable, which includes
uncertainty in both age and depth. Undatable uses Bayesian radiocarbon (14C) calibration software
(MatCal) and a deterministic approach with a positive sediment accumulation rate assumed a priori which,
combined with efficient programming practices, allows for the rapid production (in a matter of seconds in
many cases) of age‐depth models for multiple types of geological archives. Undatable has so far been
successfully applied to coral archives, as well as sediment archives from estuarine, lacustrine, and deep‐sea
environments. Through the inclusion of a bootstrapping option, the software performs particularly well
in the case of a large scatter in age‐depth constraints by expanding the uncertainty envelope of the
age‐depth model. Unlike other deterministic models, increasing the density of age‐depth constraints results
in increased precision in Undatable, even at centennial scale, thus emulating the results of probabilistic
models. In addition to the code itself, we also provide an interactive graphical user interface (GUI) that
allows users to experiment with multiple age‐depth model settings to investigate the sensitivity of a given
data set to multiple parameters.

1. Introduction

Geological archives constitute an invaluable resource for elucidating the Earth's history. Careful
reconstruction of the timing of past processes recorded by geological archives, with diligent consideration
of the associated uncertainties, is crucial to understand the interdependencies and spatiotemporal
characteristics of past climate processes. Geochronologies are typically derived from age estimates for
discrete intervals that are then used to develop an age‐depth relationship for an entire sequence (i.e.,
age‐depth modeling). Following statistical sampling of the age‐depth constraints, ages and confidence
intervals are assigned to intermediate intervals lacking direct age control. These confidence intervals are
often based on assumptions regarding the likelihood of possible SAR = variability between age‐depth points.
A basic approach assumes amore or less constant SAR uncertainty (Blaauw, 2010), while more sophisticated
models may increase SAR uncertainty with distance from derived age‐depth constraints, as will be
discussed below.

Within the geoscience community, archeologists and palaeoecologists have been particularly active in
constructing age‐depth modeling routines, pioneering software for such applications. One of the first
software packages developed for constructing age‐depth models, the standalone OxCal (Bronk Ramsey,
1995), used statistical analysis of calibrated radiocarbon (14C) age probability density functions (PDFs) to
construct depositional models for sedimentary sequences, and this software has been continually updated
since its first release. Subsequently developed algorithms include the open‐source packages BChron
(Haslett & Parnell, 2008; Parnell et al., 2008), Clam (Blaauw, 2010), and Bacon (Blaauw & Christen, 2011),
all of which are written in the R programming language.

Each type of geological archive presents unique features and challenges. Of the aforementioned software
packages, Bacon and OxCal were originally developed for palaeoecological (e.g., peat sequences) and
archeological sites, respectively. Consequently, these packages perform exceedingly well in these
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environments, which are typically free from major complications due to physical and biological churning of
the sediment. These models may therefore reasonably treat outlying, reversing age‐depth determinations
that are out of stratigraphic order very liberally, with little effect on the modeled median or the credible
interval of the posterior age distribution.

However, such assumptions relating to outliers may not be fully valid in marine and lacustrine settings, par-
ticularly when the occurrence of bioturbation means that depositional layering is not preserved. Physical
and biological processes may result in sediment of older age being preserved stratigraphically above younger
material (due to noncomplete mixing), or even a systematic homogeneous mixed layer depth in the case of
many deep‐sea sediment cores (Bard et al., 1987; Berger & Heath, 1968; Goldberg & Koide, 1962; Lougheed
et al., 2018; Peng et al., 1979; Trauth et al., 1997). While detailed sedimentological observations can often
reveal the presence of heavily bioturbated or otherwise disturbed intervals, as well as the presence of turbi-
ditic deposits, these interpretations are subjective and not always straightforward. Age‐depth constraints out
of stratigraphical order also appear in sequences that show no visible signs of disturbance. Furthermore, in
the case of large sample sizes, averaging of the downcore signal may increase the overall uncertainty for age‐
depth constraints, for example, due to a systematic smoothing out of the temporal signal in the depth domain
(e.g., bioturbation), which may go undetected if no age‐depth reversals are present (Lougheed et al., 2018). It
is therefore generally advisable to increase age and depth uncertainty to account for both the possibility of
age‐depth outliers and/or general increased uncertainty due to the aforementioned temporal smoothing
resulting from systematic bioturbation.

In addition to the challenges posed by bioturbation, there is also an inherent depth uncertainty in the retrie-
val and sampling of geological archives. Technical challenges related to sediment coring may result in core
recovery (the length of material recovered relative to the distance cored) that is not 100%, indicating, for
example, compaction during the coring processes or postrecovery expansion, with volume doubling in some
extreme cases (Obrochta et al., 2017). Linear and nonlinear sediment expansion can be mathematically
compensated for, at least partially (ibid.), but such a correction results in an increased depth uncertainty
for age‐depth constraints. Conversely, when recovery is less than 100%, the recovered sequence may not
be continuous and free to move within the core liner (Webster et al., 2018). Even when recovery is exactly
100%, downhole logging indicates that the recovered position of stratigraphic layers is often not consistent
with the in situ position. Further depth uncertainty is introduced during the subsampling process.
Typically, researchers retrieve fixed volume samples integrated over fixed depth intervals, usually 1 cm.
In such a case, age‐depth constraints derived from such samples will have a uniform depth uncertainty
of 1 cm. Certain analytical methods and/or environments may require even larger intervals of sediment
to produce enough material for a suitable age‐depth constraint, thus further increasing the associated uni-
form depth uncertainty.

Depth uncertainty has previously been indirectly incorporated by Heegaard et al. (2005) using a mixed‐effect
model that included variance in the population of datable material obtained from the same stratigraphic
level and considered that vertical mixing is one contributing factor. In our previous work, we required an
age‐depth modeling routine with the ability to directly incorporate multiple forms of depth uncertainty.
To this end, we developed the Undatable software in MATLAB, which has the ability to directly incorporate
inherent depth uncertainty. This software has been successfully used in multiple study settings including
marine and estuarine sediment archives (Dijkstra et al., 2018; Obrochta et al., 2017), lacustrine sediment
archives (Obrochta et al., 2018), and coral archives (Webster et al., 2018). The software has continued to
evolve and now allows for relatively rapid (typically several seconds or less) age‐depth model development,
which, combined with an interactive GUI, allows for iterative exploration of model sensitivity to
multiple parameters.

TheUndatable software is an open‐source age‐depthmodeling routine based on a sediment deposition simu-
lation built using a modular design (Figure 1) that allows for future customization and expansion. The soft-
ware is developed with the aim of being able to construct age‐depth models incorporating realistic errors for
both age and depth. Where there is an increased disagreement among age‐depth constraints, Undatable
increases the uncertainty envelope of the depositional model, reflecting the increased disagreement.
Undatable does include basic outlier analysis, but age‐depth constraints will only be excluded as outliers
in certain cases, which can be mitigated (see section 2.2).
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Throughout the development and refinement of Undatable, a great emphasis has been placed upon employ-
ing efficient coding practices, leading to a software package that can produce an age‐depth model with 105

iterations in a matter of seconds using a standard personal computer. This speed will encourage users to
iteratively experiment with settings to obtain experience‐derived insight into the sensitivity of a particular
data set to various parameters. The functioning of the Undatable age‐depth modeling package is illustrated
in Figure 1, and a detailed technical overview is given in section 2. The performance of the software with
both synthetic and real‐world data is evaluated in section 3.

Figure 1. Flowchart overview of the processes included in Undatable. Letters a‐k correspond to technical descriptions in
section 2.0 of the main text.
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2. Technical Overview of the Undatable Age‐Depth Modeling Routine
2.1. Age and Depth Uncertainty Sampling for each Age‐Depth Constraint

Age PDFs are constructed for each age‐depth constraint based on the input data (Figure 1a) provided by the
user. In the case of calendar ages, the mean age and associated 1σ value provided by the user are used to
construct a Gaussian distribution (Figure 1b). In the case of 14C ages, the laboratory mean 14C age and
associated 1σ value are calibrated to an expected calendar age distribution using the embedded Bayesian
14C calibration software MatCal (Lougheed & Obrochta, 2016; Figures 1b and 1c). For these 14C ages, the
user may also specify a chosen calibration curve and reservoir age correction. Age PDFs are truncated to
either the 2σ confidence interval range for calendar age input or the 2σ highest posterior density credible
interval range for radiocarbon age input (due to Bayesian calibration). Truncating the annually sampled
PDFs is memory efficient because otherwise each stored age PDF will cover the entire 50‐ka history of the
calibration curve (in the case of 14C dates) or infinity (in the case of calendar ages).

We allow the user to impart depth uncertainty (Figure 1d) for an individual age‐depth constraint in one of
the three following ways: (1) Uncertainty may be considered as uniform by inputting a discrete sediment
interval, for example, 1–2 cm; (2) Gaussian uncertainty can be assumed if a mean depth and 1σ value are
input, for example, 10 ± 1 cm; and (3) zero uncertainty can be specified using a sediment interval with
identical upper and lower bounds, for example, 1–1 cm. Uniform uncertainty is typical for marine and
lacustrine cores where either macrofossils or bulk organic matter is subsampled from a discrete interval.
Gaussian uncertainty is appropriate when aligning to a reference series (e.g., a tie‐point to an event stratigra-
phy or isotope data set), and the exact downcore depth of the feature is unclear. No uncertainty in depth
could be assumed in the case of, for example, thin terrestrial macrofossils aligned with the bedding plane.

Based on the nsim number of simulations requested by the user, each depth and age PDF are subjected to
weighted random sampling nsim number of times (Figure 1f), with all sampled ages and depths being stored
in memory to be used later in the sediment deposition simulation. Additionally, the user can choose to com-
bine the age PDFs for age‐depth constraints with identical depth intervals (using the combine option) into a
single age PDF for that depth. This combining process is accomplished by summing the all calendar age
PDFs for a particular depth, normalizing them by the sum of all elements, and carrying out highest posterior
density analysis to ascertain a 2σ credible interval. For the purposes of the age‐depth modeling run, these
combined age‐depth constraints will then be handled as a single age‐depth constraint. This combine setting
is recommended and enabled by default. If the combine setting is not enabled, then only one of the age PDFs
from a shared depth will be chosen (randomly) for each undatable simulation iteration.

2.2. Sediment Deposition Simulation

The functioning of the age‐depth modeling routine is centered on a depositional model incorporating an a
priori assumption that excludes the possibility of negative SAR. Based on the nsim number of simulations
requested by the user (e.g., 103, 104, and 105), nsim number of unique age‐depth runs are created by selecting
from the previously sampled age‐depth constraints (Figure 1f), sorted by their sampled depth. In each of the
nsim age‐depth runs, bootpc percentage of the age‐depth constraints that have been selected for bootstrap-
ping are randomly removed (Figure 1g), with the exception of the uppermost and lowermost age‐depth con-
straint, which are not used for bootstrapping as they provide a start and end point for the age‐depth
simulation. Subsequently, any age‐depth reversals (i.e., negative SAR) present in any of the nsim number
of age‐depth runs are removed in a stepwise fashion from the lowest age‐depth constraint upwards, that
is, in the direction of sediment deposition (Figure 1h). In cases where an age‐depth constraint is out of strati-
graphic order relative to the directly underlying constraint, the overlying constraint will be skipped in all
nsim runs if the 2σ ranges do not overlap. This effect can be mitigated by increasing bootpc, which will
increase the likelihood that the outlier's neighboring age‐depth constraint within a given run does not pro-
duce an age‐depth reversal.

After the completion of the aforementioned bootstrapping and reversal elimination processes, an intercon-
necting point is inserted between all remaining age‐depth constraints in all nsim number of age‐depth runs.
The purpose of this interconnecting point is to take into account increased age‐depth uncertainty with
increasing distance from the age‐depth constraints, that is, SAR uncertainty. For each required interconnect-
ing point in each nsim number of runs, the age and depth coordinates of the interconnecting point are
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defined by weighted random sampling of Gaussian distributions drawn between the sampled ages and
depths for every pair of age‐depth constraints (Figure 1i; Finkenbinder et al., 2018; Marcott et al., 2013).
We scale the widths of the Gaussian distributions using the xfactor input, whereby the user can increase
the Gaussian SAR uncertainty between age‐depth constraints by increasing the xfactor. Specifically, the
Gaussian distributions are scaled by multiplying their 1σ value by the distance between the neighboring
age‐depth constraints times the xfactor value.

2.3. Building the Age‐Depth Uncertainty Envelope

After the production of nsim number of unique age‐depth runs (Figure 1j), the next step is to calculate down-
core median ages, confidence intervals, and a density cloud that displays the most likely regions of age‐depth
probability (Figure 1k). This process involves linearly interpolating all nsim number of unique age‐depth
runs to 1 depth unit resolution (e.g., cm), and then computing the 1st to 99th percentiles of the ages corre-
sponding to each depth unit. Darker regions of the density cloud are closer to the 50th percentile.

We have increased the speed of the interpolation process by a factor of 20 in comparison with the standard
MATLAB interpolation scripts by outsourcing the interpolation process to an external C++ function
(nakeinterp1.c by Bruno Luong) that has been compiled to a MEX file for use within the MATLAB environ-
ment. We have included MEX files that are compatible with 64‐bit versions of Windows, Mac, and Linux.
Should the MEX file fail to run correctly,Undatablewill detect this failure and revert to using a slower inter-
polation function instead.

3. Evaluating Undatable in Practice
3.1. Treating Uncertainty

Undatable offers a number of ways to treat uncertainty. The two main methods involve the settings xfactor
and bootpc. The xfactor setting can be used to increase the SAR uncertainty between all pairs of age‐depth
constraints by scaling the Gaussian functions used to determine the location of the intermediate points.
Essentially, a higher xfactor will lead to larger uncertainty bubbles between each pair of age‐depth con-
straints, and vice versa. Users can input any value for xfactor, but values between 0.05 and 0.3 will give a
broad enough range of SAR uncertainty suitable for most users. The age‐depth models published to date
using Undatable have employed in xfactor value of 0.1. The other main way to treat uncertainty is through
bootpc, the percentage of age‐depth constraints to be bootstrapped (i.e., randomly removed) in each age‐
depth model iteration. A higher bootpc will cause the final age‐depth model to explore a larger number of
routing possibilities (due to passing through a different combination of age‐depth constraints in every itera-
tion), which will result in a wider uncertainty envelope over the entire age‐depth run. The bootpc setting is
especially useful when dealing with a large scatter in age‐depth constraints. A visual demonstration of the
interaction between bootpc and xfactor is shown in Figure 2 using synthetic age‐depth constraints. In this
demonstration, it can be seen how xfactor alone serves to increase the SAR uncertainty between age‐depth
constraints (Figures 2a, 2b, and 2c). By itself, bootpc can help to increase uncertainty to take into account
increase scatter in age‐depth constraints (Figures 2a, 2d, and 2e). An age‐depth model optimized to the
particular data set under consideration can be obtained by iteratively adjusting these two
parameters (Figures 2a–2i).

Additionally, it is also possible to selectively exclude certain age‐depth constraints from the bootstrapping
process. This possibility is especially useful in the case of stratigraphically and chronologically well‐defined
age‐depth constraints, such as tephra layers, and can be specified in the input file (or in the GUI) by the user
for each age‐depth constraint. For example, considering a data set with 10 age‐depth constraints, one of
which is a tephra layer, a user could choose to apply 33% bootstrapping (bootpc = 33), but with the tephra
layer excluded from the bootstrapping process. In such a case, all age‐depth iterations would contain the
tephra layer plus six additional age‐depth constrains randomly selected from the remaining nine
(9 − [9 × 0.33]), for a total of seven age‐depth constraints per iteration (i.e., rounded to the nearest whole
number). Each age‐depth iteration will be routed through the tephra layer, thus weighting the final age‐
depth model toward the tephra layer.
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3.2. Running Undatable on Real World Archives
3.2.1. Cariaco Basin
Using the Cariaco Basin (Ocean Drilling Program [ODP] Site 1002) foraminifera record (466 14C age‐depth
constraints; Hughen et al., 2006), we examine the ability of Undatable to deal with a very large data set con-
taining intervals of varying scatter in age‐depth constraints. In this case, when bootpc is set to a lower per-
centage (10%), the positive SAR assumed a priori in Undatable causes the age‐depth model to constantly
route through isolated, significantly younger age‐depth constraints, which appear to be outliers relative to
the adjacent constraints, resulting in a step‐like age‐depth model (Figure 3a). When bootpc is sufficiently
increased (to 80%), these isolated age‐depth constraints are excluded from a sufficient number of model
iterations such that their contribution to the median route of the age‐depth model is reduced (Figure 3b).
In compensation, the overall uncertainty on the age‐depth model increases, so that the existence of the out-
liers is still acknowledged by the uncertainty envelope. Users should take caution in selecting an appropriate
bootpc; in the case of the Cariaco Basin record, both the absolute number (n = 466; n = 320 after combining
constraints from the same depth interval) and temporal density of 14C age‐depth constraints are of centen-
nial scale; thus, it possible to use a relatively high bootpc. Were one to apply a bootpc of 80% to a record with,

Figure 2. Overview of nine different age‐depth model scenarios using the exact same synthetic age‐depth constraints as
input, but with different bootpc and xfactor settings. All age‐depth models have been run using 105 Monte Carlo itera-
tions. Colored probability density functions illustrate the synthetic age‐depth constraints. The grey cloud indicates the
probability density cloud of the age‐depth model, whereby darker colors indicate higher age‐depth probability. Colors of
probability density functions represent different types geochrological input (green = 14C terrestrial, blue = 14C marine,
brown = 14C bulk sediment). The settings used for the different age‐depth model scenarios are (a) bootpc = 0, xfac-
tor = 0.05; (b) bootpc = 0, xfactor = 0.15; (c) bootpc = 0, xfactor = 0.25; (d) bootpc = 20, xfactor = 0.05; (e) bootpc = 20,
xfactor = 0.15; (f) bootpc = 20, xfactor = 0.25; (g) bootpc = 50, xfactor = 0.05; (h) bootpc = 50, xfactor = 0.15; and (i)
bootpc = 50, xfactor = 0.25.
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for example, only 10 age‐depth constraints in total, then each model iteration would contain only two age‐
depth constraints, likely resulting in an unrealistic age‐depth model. As a general rule, one can consider
attempting a higher bootpc for records with higher absolute numbers of age‐depth constraints, and vice
versa. In any case, users are encouraged to take advantage of the speed of Undatable to iteratively
experiment with multiple bootpc settings.
3.2.2. Lake Motosu
As previously mentioned, Undatable offers the ability to weight the final age‐depth model toward age‐depth
constraints of higher quality, that is, tephra layers and/or terrestrial 14C dates. We demonstrate this ability
using a lacustrine sediment sequence recovered Lake Motosu (one of the Fuji Five Lakes) in Japan. Site
MOT15‐2 is an ~3.5‐m long, nonlaminated sequence with 31 age‐depth constraints developed using multiple
methods with varying accuracy and precision, namely, two widespread marker tephras of independently
constrained age, five terrestrial macrofossil 14C ages, and 24 bulk organic matter 14C ages (Obrochta et al.,
2018). While the dated organic matter is of primarily lacustrine origin (as evidenced by relatively low C/N
ratios), the lake appears to have a time‐variable reservoir age, subjecting the bulk dates to increased uncer-
tainty. In this example (Figure 4a), we take advantage of the selective bootstrapping function ofUndatable to
anchor the age‐depth model using the more accurate terrestrial macrofossil 14C and tephra age‐depth con-
straints by selectively excluding these from the bootstrapping process, while the bulk sediment 14C age‐
depth constraints are included in the bootstrapping process, with bootpc set to 65%.

The interval at ~2.75 m contains several age‐depth constraints that are not in stratigraphic order, but there is
no evidence of reworking or other justifiable means for excluding them from the model (e.g., AMS condi-
tion). The selective bootstrapping process increases the uncertainty envelope to take into account the pre-
sence of increased age‐depth constraint scatter at the aforementioned interval. The uncertainty envelope
for an underlying interval is also increased due to a combination of lower‐density dating and a SAR inflec-
tion point (Figure 4a). For other intervals, where terrestrial macrofossil 14C and tephra ages are available, the
uncertainty envelope is smaller. We consider that this selective behavior realistically reflects the varying age‐
depth uncertainty at different intervals of the sediment sequence. By contrast, Bacon produces a much nar-
rower error envelope, narrower in fact than individual organic matter calendar age PDFs, particularly at

Figure 3. Comparison of two age‐depth model scenarios applied to the same Cariaco Basin (Ocean Drilling Program
[ODP] Site 1002) high‐density radiocarbon age‐depth constraints (Hughen et al., 2006). On the left (a) a bootpc of 20
and xfactor of 0.1 are applied. On the right (b) a bootpc of 80 and xfactor of 0.1 are applied. Blue probability density
functions indicate the radiocarbon age‐depth constraints. The grey cloud indicates the probability density cloud of the age‐
depth model, whereby darker colors indicate higher age‐depth probability. The red line indicates the age‐depth model
median. The dashed black and blue lines indicate the age‐depth model 2σ and 1σ confidence intervals, respectively. For
more detailed discussion, see section 3.1 in text.
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both the SAR inflection point and the interval containing the outlier (Figure 4b; see figure caption for Bacon
settings). Except for the upper and lowermost intervals, where the Bacon‐derived median drifts away from
the age‐depth constraints (Figure 4b), we note that the median age‐depth relationship obtained by both
models is not significantly different (Figure 5a). Away from the edges of the data set, maximum offset
between Undatable and Bacon is ~80 years (Figure 5b). The offset is entirely contained within the
Undatable 1σ range and the Bacon 2σ range. The offset is also largely within the Bacon 1σ, only exceeding
it at ~2 m. As a consequence, the selection of model software appears to not affect interpretations based
solely on the median modeled age, but consideration of the full uncertainty envelope may lead to a
different interpretation.

Figure 4. (a)Undatable age‐depthmodel for Site MOT15‐2 from LakeMotosu, Japan. The red line is median, and the blue
and black broken lines represent 1σ and 2σ confidence intervals, respectively. (b) Bacon age‐depth model using the
same age determinations and run from 0 to 363 cm at 1‐cm resolution with a mean accumulation rate of 40, accumulation
shape of 1.05, memory set to 0.9, and a memory strength of 20.

Figure 5. (a) Median, 1σ, and 2σ for Undatable (red) Bacon (blue). (b) The Undatablemedian age is subtracted from the
Bacon median and shown with the 1σ and 2σ envelopes for Undatable and Bacon. The maximum offset of ~80 years
occurs at ~2.25 m and is within both the Undatable and Bacon 1σ ranges. Except for the upper and lower most intervals
and a ~20‐cm interval just below 2 m, the offset is entirely within the Bacon 2σ range.
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3.3. Reproducibility of Age‐Depth Model Runs

The Lake Motosu record is also used to explore model sensitivity to the number of iterations (nsim) and
as to how this number affects Undatable's age‐depth model reproducibility. One thousand age‐depth
models were created using nsim set to both 104 and 105, and the difference between the initial result
and each subsequent result calculated at 1‐cm intervals. We find that the maximum difference between
subsequent runs decreases by a factor of 3 as the number of age‐depth model iterations is increased by
one order of magnitude (Figure 6), and this difference is typically <10 years. As this improved reprodu-
cibility was obtained by only adding a couple of seconds to the calculation time, we recommend using
105 simulations. A higher number of simulations (106) is also possible, but when using a higher number
of simulations (i.e., 106) combined with many age‐depth inputs (such as, e.g., Cariaco Basin), the user
should be aware that Undatable may require virtual memory on some consumer‐level computers, which
will markedly increase calculation time.

The largest differences are observed at the first and last age‐depth constraint, as well as at the major SAR
inflection point at a depth of 3.75 m. This is also the interval of maximum standard deviation, which is
1.7 years (nsim = 105). Intervals containing bulk organic matter dates, as well as intervals where the boot-
strapped bulk dates are in close proximity to macrofossils also exhibit decreased reproducibility, although
the differences are still generally a decade or less. Reproducibility, in general, decreases in intervals with
relatively increased model uncertainty.

3.4. Increased Dating Density Leads to Improved Precision

Recent work by Blaauw et al. (2018) demonstrates that increasing the number of age‐depth constraints input
into the BChron and Bacon age‐depth modeling software leads to improvement in the overall precision on
the derived age‐depth model. We investigate if Undatable also exhibits similar performance using the afore-
mentioned Cariaco Basin data set as an example. Using a bootpc of 60% and nsim of 105, we carried out repeat
runs while incrementally increasing dating density, starting with only six age‐depth constraints. The initial
age‐depth constraints are at the top and bottom of the data set with an additional, four equidistantly spaced
constraints. After each age‐depth model was completed, mean 1σ precision was calculated, an additional
date was randomly added, and the process repeated until all 320 age‐depth constraints were used in the
model. This experiment was repeated a total of 500 times in eight parallel instances of MATLAB launched
with GNU Parallel (Tange, 2011), for a total of 157,500 age‐depth models. Results are shown as the mean

Figure 6. (a) Undatable age‐depth model for Site MOT15‐2 from Lake Motosu, Japan. (b) After an initial model was pro-
duced using 104 iterations, 999 additional age models were created and subtracted from the initial model. Maximum
difference is ~ ± 15 years. (c) Same as (b) but using 105 iterations. Maximum difference decreases by a factor of ~3 to
~ ±5 years.
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and standard deviation of the 500 runs (Figure 7). Dating density ranges
from 0.14 to 7.7 dates per millennium (dpm), and the precision exhibits
a fivefold overall improvement at maximum dpm. Notably, Undatable
does not saturate as dpm is increased in the Cariaco data set. This beha-
vior of the Undatable age‐depth modeling software is similar to that
reported for BChron and Bacon (Blaauw et al., 2018).

4. Recommended Parameter Settings

We recommend using as large an nsim as possible and find that 105 itera-
tions provide good repeatability with no substantial increase in calcula-
tion time relative to 104. We also recommend using the combine feature
when multiple constraints exist for the same depth level. Furthermore,
as discussed in section 2.1, the user should select a depth uncertainty that
is appropriate to their particular age‐depth constraints.

The xfactor and bootpc parameters are more subjective and depend heav-
ily on the nature of the data set, and the user must therefore evaluate
whether values are appropriate. We find that xfactor values in the range
of 0.05 to 0.3 obtain results that (subjectively) appear realistic, and the
age‐depth models published thus far using Undatable have employed an
xfactor of 0.1. If there is independent evidence of pronounced uncertainty
in SAR, then a higher value would be appropriate. Given the interplay
between bootpc and xfactor (Figure 2), lower values may be appropriate
when a large bootpc value is used because SAR uncertainty, by design, is
proportional to the distance between two age‐depth constraints. This dis-
tance will increase when bootstrapping removes more age‐depth points
from each iterations.

Selection of bootpc is highly dependent on the absolute number of dates, density of dating, presence/absence
of age reversals, and the consistency with which the dates are distributed in the archive. In the examples pro-
vided here, we used a bootpc value of 50 in the case of 31 dates over ~3.5m and a value of 80 for 320 dates over
~20 m. The user should consider the number of dates that will be included in each run and ensure that a
sufficient number remain to produce a reasonable age model during each simulation iteration. As the abso-
lute number of dates in a data set increase, it is appropriate to increase bootpc, particularly if age reversals are
present. However, for a data set with a high density of nonreversing dates of narrow probability range, a rela-
tively small value could be appropriate since the data set is well constrained. If the age‐depth constraints are
not well distributed throughout the archive, then a high bootpc could result in a large distances with no age‐
depth information. In this case, the user may choose to selectively excluding key anchor dates from the boot-
strapping process, as described in section 3.2.1.

5. Outlook

The modular and open‐source construction of Undatable allows for the future addition of further features
suitable to specific geological environments. For example, in the case of deep‐sea sediment archives, it is pos-
sible to apply a bioturbation term a priori to age PDFs that is consistent with long‐established understanding
of bioturbation (Berger & Heath, 1968; Goldberg & Koide, 1962; Peng et al., 1979). This type of bioturbation
understanding has already been successfully included in simulations of deep‐sea sediment archives (Dolman
& Laepple, 2018; Löwemark et al., 2008; Trauth, 2013). Simulated effects of bioturbation have also recently
shown to be in agreement with single foraminifera 14C data (Lougheed et al., 2018). The inclusion of biotur-
bation a priori would produce broader age PDFs for lower SAR sediment cores, thus taking into account the
fact that discrete depth intervals from lower SAR sediment archives must contain a systematically larger
range of sediment age than discrete depth intervals from higher SAR sediment archives. This fact is currently
not considered in age‐depth modeling; that is, in the absence of any age‐depth reversals, both a low and high
SAR sediment core would produce the same geochronological uncertainty using longstanding methods. We
propose that a function can be developed that uses a priori estimates of SAR and sediment mixed layer depth

Figure 7. Result of sequentially increasing dating density at Ocean Drilling
Program (ODP) Site 1002 in the Cariaco Basin. Result is the mean of 500 sets
of runs starting with only six age‐depth determinations and finishing with
320 (the full data set with duplicates combined). The 68.2 and 95.4 percen-
tiles are shown in dark and light shading, respectively. Model precision
continually improves with increasing dating density.
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to estimate the true age distribution of a particular age‐depth constraint. Such an approach would be espe-
cially useful for low SAR archives, such as deep‐sea sediment cores.

It may also be possible to include a module that allows for the incorporation of SAR correction using Th nor-
malization, in particular by integrating existing MATLAB routines designed for such a purpose (Bourne
et al., 2012). The open‐source nature of Undatable also allows users to implement further, minor, tweaks
to certain modules of the code to suit their own needs.

6. Conclusions

Undatable provides a rapid and deterministic method with which to develop an age‐depth model for a vari-
ety of geological archives. The speed ofUndatable, combined with a GUI, also allows for users to experiment
with multiple age‐depth model settings on‐the‐fly, which enables users to develop experience‐based insight
into the sensitivity of their particular data set to the age‐depthmodel parameters. The software is particularly
useful for archives with high uncertainty, especially in the case of depth uncertainty or large scatter of age‐
depth constraints. We would encourage users to use Undatable to complement existing age‐depth modeling
software such as Bchron, Bacon, andOxCal and to consider which age‐depthmodeling software best suits the
particular geological data set that they are investigating. Furthermore, we encourage the community to take
advantage of the open source code we have provided to help to improve and/or customize the software in
the future.
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