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ABSTRACT Graphic logs are the most common way geologists characterize and communicate the composition and variability of
clastic and carbonate sedimentary successions; with a simple drawing, a graphic log imparts complex geological concepts (e.g.,
Bouma turbidite sequence, shoreface parasequence). The term ‘graphic log’ originates from a geologist graphically drawing
(i.e., logging’) an outcrop or core with thickness/depth on the y axis, while the x axis usually represents grain size. Graphic
logs can be drawn at vastly different scales, from the characterization of every bed in sections 10s of meters thick to a rough
description of lithology over 1000s of meters, making comprehensive, quantitative comparison difficult.

Many geologists carefully hand-draw graphic logs at fine-scale in a field notebook, and then digitally retrace them in drawing
software. However, this detailed data (e.g., thickness, grain size) that may have taken days or weeks to collect is often never
captured in a machine-readable, tabular format. So, while tens of thousands of meters of graphic logs exist to quantify lithologic
heterogeneity and stacking patterns within and between depositional environments, this data is rarely digital and available for
analysis. Despite this, geologists have long been attempting to quantify graphic log data to better distinguish stacking patterns,
depositional processes, and depositional environments to aid in prediction of stratigraphic architecture and earth-resource
distribution.

We present litholog, an open-source software package in Python that stores, plots, and analyzes graphic-log data. We also
include software in R and Matlab that digitize hand-drawn graphic logs into a tabular format readable by litholog. We discuss
the diversity of graphic log data, the implementation of graphic log data in a digital, structured, tabular format; finally, we
recommend methods and provide a template for standardizing collection of this important type of stratigraphic data. It is our
hope that these software packages, combined with advances in ‘big data’ analytics and machine-learning algorithms, will lead
to new discoveries in sedimentary geology.

KEYWORDS sedimentary graphic log, stratigraphic column, measured section, lithology, stratigraphy, open-source software, Python, data
standardization, digitalization, sedimentary geology

1. INTRODUCTION (Leeder, 1982), measured stratigraphic section (e.g., Jobe

raphic logs are the most common way geologists char-
G acterize and communicate the composition and vari-
ability of clastic sedimentary successions in both outcrops
and subsurface cores (Fig. 1). The term ‘graphic log” origi-
nates from a geologist measuring and drawing (i.e., ‘log-
ging’) an outcrop succession or interval of core graphically,
and graphic logs were popularized by Arnold Bouma (e.g.,
Bouma, 1962). Synonymous terms include graphic colum-
nar section (Compton, 1985, Johnson, 1992), Bouma log
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et al., 2010), and stratigraphic column (or strat column;
Smith, 1815, Daniels et al., 2019).

Graphic logs generally consist of a series of hand-drawn
lithologic intervals that can be drawn at many differ-
ent scales (Fig. 1), from the detailed characterization of
mme-thick depositional units in a single thin-section (e.g.,
Boulesteix et al., 2019) to every bed in a 10-m-thick outcrop
or core succession (e.g., Pierce et al., 2018) to a simplistic de-
scription of lithology over 1000s of meters (e.g., Thompson
et al., 2015). As such, they have been used to communi-
cate detailed sedimentological processes (e.g., Bouma, 1962,
Allen, 1970, Jobe et al., 2012, Pierce et al., 2018, Boulesteix
et al., 2019, Hubbard et al., 2020), the stratigraphic evo-
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lution of sediment routing systems (e.g., Graham et al,,
1986, Bernhardt et al., 2011, Farrell et al., 2013, Englert et al.,
2018, Malkowski et al., 2018, Pattison, 2019b), as well as
the fill of entire basins (e.g., Graham et al., 1986, Thomp-
son et al., 2015). The popularization of the graphic log
allowed for a simple drawing to impart complex geolog-
ical concepts; the Bouma and Lowe turbidite sequences
(Bouma, 1962, Walker, 1965, Lowe, 1982), the shoreface
parasequence (Van Wagoner et al., 1988, Pattison, 2019a,b),
and the fluvial point bar (Allen, 1970, Jackson, 1976, Bridge
and Tye, 2000, Durkin et al., 2015, 2018) are three examples
that use graphic logs to demonstrate process-based ver-
tical facies models for clastic depositional environments.
Graphic logs have been particularly useful for analyzing
turbidite depositional environments, as it allows the char-
acterization and quantification of the thickness and grain
size of each turbidity-current event, or ‘event-bed’ (e.g.,
Sadler, 1982, Sylvester, 2007, Fryer and Jobe, 2019).

Geologists have used graphic log data quantitatively
at the sedimentary structure scale (Sumner et al., 2012,
Rossi et al., 2017), bed scale (Sadler, 1982, Murray et al.,
1996, Chen and Hiscott, 1999, Talling, 2001, Sylvester, 2007,
Fryer and Jobe, 2019) and lithofacies scale (Miall, 1973,
Mutti and Ricci Lucchi, 1978, Walker, 1978, Mutti and
Normark, 1987, Bridge and Tye, 2000, Jobe et al., 2010,
Burgess, 2016a,b, Malkowski et al., 2018, Reynolds, 2019)
in order to better distinguish depositional processes, envi-
ronments, and stacking patterns. In addition, graphic log
data have been utilized to corroborate (or refute) the quali-
tative observation of cyclic stacking patterns of lithofacies
through statistical (e.g., Markov-chains) analysis (Miall,
1973, Murray et al., 1996, Kane and Pontén, 2012, Sum-
ner et al., 2012, Burgess, 2016a,b, Hou et al., 2021). Estab-
lishing these stacking-pattern relationships in beds, grain
size, and lithofacies is important for subsurface predic-
tions of stratigraphic architecture, natural-resource distri-
bution, and paleoclimate archives (Willis and White, 2000,
Falivene et al., 2006, Hessler and Fildani, 2019). Recently,
research has focused on the finer scale, where detailed,
bed-scale graphic-log data has been digitized and used to
distinguish submarine depositional environments and sub-
environments (e.g., Hansen et al., 2017, Malkowski et al.,
2018, T6kés and Patacci, 2018, Fryer and Jobe, 2019) as well
as document grain size variations in riverine and shallow-
marine settings (Reynolds, 2019). While these aggregate
statistics retrieved from graphic logs are incredibly valu-
able, they are often difficult to produce for a large number
of stratigraphic sections covering either thick intervals or
large spatial areas due to (1) the painstaking analog nature
of data collection, and (2) a lack of software to digitize the
logs. So, while existing workflows exist to digitize logs
have been sufficient (but time-inefficient) for limited quan-
titative analysis (as discussed above), solutions to digitize,
store, and analyze digital graphic-log data are needed that
can scale to large, diverse datasets.

This paper presents litholog, a Python package that de-
fines a numerical, tabular format (i.e., schema) for graphic-
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log data and allows for plotting and quantitative analysis.
As part of the litholog release, we also include software in
MATLAB and R to digitize hand-drawn graphic logs into
a tabular format readable by litholog. We also discuss im-
portant considerations regarding collection of graphic log
data and potential ways to standardize the collection of this
important type of data that will allow an easier transition
from the field notebook to the computer when these data
are not collected in a digital format (e.g., with an iPad). We
hope that these software packages and recommendations
about consistent data collection, combined with advances
in machine-learning algorithms, will lead to new discover-
ies in sedimentary geology.

2. CHALLENGES OF GRAPHIC LOG DATA

Although graphic logs are a key tool for sedimentologists
and stratigraphers to communicate the nature of the sedi-
mentary record, there is no standardized format for graphic
logs (digital or otherwise), although there have been sev-
eral attempts (Boyles et al., 1986, Johnson, 1992, Farrell
et al.,, 2013). This means that graphic logs are a diverse
type of geologic data that varies from author to author,
and field area to field area. A typical graphic log generally
presents thickness/depth on the y axis, while the x axis
(which can increase to the right or to the left) can represent
modal grain size, maximum grain size, an outcrop weather-
ing profile/outcrop texture, or sometimes a combination of
these parameters. Most geologists draw graphic logs as one
column (e.g., Fig. 1A, B), but double-column (Fig. 1C) and
multi-column variants are also used that separate lithology,
grain size, sedimentary structures, etc. (also see Selley,
1985, Boyles et al., 1986). Because sedimentary geologists
focus on different spatial scales (Fig. 1), graphic logs vary
from being drawn at the mm-scale (e.g., Boulesteix et al.,
2019), the cm-scale (e.g., Pierce et al., 2018), the meter scale
(e.g., Jobe et al., 2010), and the formation (100s to 1000s of
m) scale (e.g., Thompson et al., 2015). Boyles et al. (1986)
even offer an equation to choose a logging scale based on
the scale of investigation. Sometimes stacking patterns
of beds are drawn true-to-scale (Fig. 1B), and sometimes
they are schematized (Fig. 1C). Fine-scale geologic obser-
vations (e.g., geometry of lithologic contacts, grain size
changes, textures, and sedimentary structures) are hand-
drawn, sometimes in great detail, and vary in format and
style from worker to worker. Thus, it is difficult to ascer-
tain the level of detail in a published graphic log and if it
contains the same detail as logs from other authors/areas,
making quantitative, comprehensive comparisons difficult.

In addition to lithology and grain size, graphic logs also
commonly contain information on primary and secondary
structures (e.g., sorting, sedimentary structures, bioturba-
tion, diagenetic features), but again, there is no standard-
ized symbology for these features, although there have
been attempts by various authors, government agencies,
and companies to create a standard template. Many re-
search groups develop their own symbologies and short-
hand, making it difficult to compare/contrast sedimentary
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Figure 1: Examples of graphic logs that serve different purposes. (A) Highly detailed graphic log from a thin section, where every
mm-scale event-bed and lithologic change is recorded (Boulesteix et al., 2019). (B) Highly detailed graphic log from a core, where
every event-bed and lithologic change is recorded (Pierce et al., 2018). (C) Detailed graphic log that captures most bed thicknesses
and grain sizes, but schematizes some thin bedded intervals (modified from Jobe et al., 2010). Note also the grain size scale is not
complete, as very-fine and very-coarse sand are not present. (D) Coarse-resolution graphic log (modified from Thompson et al., 2015)
aimed at characterizing the entire fill of a sedimentary basin.
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structures between studies (cf. Rossi et al., 2017). A further
difficulty is whether to record the occurrence or the thick-
ness of such features, which is often ambiguous in graphic
log data.

Many geologists spend weeks in the field carefully mea-
suring and logging stratigraphic sections at fine-scale, and
then digitally retracing the logs in the office using vector-
graphics-editor software (e.g., Inkscape is a free, open-
source option). However, this drawing is rarely acceptable
for publication because of the format and detail, so logs
are commonly re-drawn yet again with less detail to serve
as a figure in a publication. Neither of these graphic-log
drawings are truly "digital"—in other words, the fine-scale
data (e.g., thickness, grain size, sedimentary structures)
that may have taken days or weeks to collect is never cap-
tured in a tabular format that is machine-readable (e.g., a
comma-separated-values (csv) file). So, while tens of thou-
sands of meters of graphic logs measured at fine scale exist
to quantify lithologic heterogeneity and stacking patterns
within and between depositional environments, the data
contained in the graphic logs is rarely digital and available
for comparative analysis.

3. DIGITALIZATION AND ANALYSIS OF GRAPHIC
LOGS

A drawing of a graphic log (e.g., a core description traced
using Inkscape) is unstructured and cannot be mined eas-
ily for quantitative purposes. Digitalization in this paper
refers to tabulating the data (e.g., thickness, grain size, sed-
imentary structures) so that it is structured and machine-
readable. The following sections describe open-source soft-
ware currently available or introduced by this paper (Sec.
3.1) to natively collect digital graphic logs in the field using
a computer or tablet, (Sec. 3.2) digitize existing but ‘analog’
graphic logs (i.e., from a publication or field notebook),
and (Sec. 3.3) plot and analyze digital graphic log data.

3.1 Digital collection of graphic log data

Many software packages exist to natively collect digital
graphic log data, where the data is stored in a structured,
tabular format (e.g., a .csv file). While we do not advocate
for any particular software over another, there are multiple
open-source and free (i.e., no cost) options (Table 1) and we
focus on these open-source options while acknowledging
there are many closed-source options available. SedLog,
developed by researchers at Royal Holloway University
(Zervas et al., 2009), runs on Windows and Mac operating
systems, and while more than ten years old, contains all the
necessary functionality to natively collect digital data. In
terms of apps for mobile operating systems, an open-source
Android app called StratLogger (Table 1) has simplistic
functionality that can be used to collect digital graphic log
data, including thickness, grain size, and image data. There
is also an NSF-sponsored initiative underway called Strabo
(https:/ /www.strabospot.org) that aims to synthesize the
collection of digital graphic log data with both desktop and
mobile platforms (Duncan et al., 2021).
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In addition to the open-source options mentioned above,
numerous closed-source, fee-based software packages are
available. Most of these packages are focused on the
petroleum and economic/ore geology industries and thus
have varying functionality depending on the audience.
Commonly used closed-source software for creating and
displaying graphic logs include CoreCAD, DigitCore, Easy-
Core, LithoHero, Geologix, GeoticLog, LogPlot, and Well-
CAD.

3.2 Purpose-built stratigraphic digitizers (StratCorePro-
cessor and stRat stat)

The afore-mentioned software are used to create digitally
native graphic logs and are most useful when collecting
new data. However, these software generally do not allow
a convenient way to record complex, non-linear grain-size
changes within a lithologic unit. Furthermore, for most
existing and published logs, this structured tabular data
(e.g., spreadsheet of thickness, grain size, other features)
does not exist, as the logs are hand-drawn. Because of the
need to digitize these existing logs that include complex
grain-size trends, we present two purpose-built graphic-
log digitizers that accelerate the collection of digital data:
StratCoreProcessor (written in MATLAB) and stRat stat (writ-
ten in R) (Table 1). With this paper, we release the digitizers
as well as functions that (1) create plots of the graphic logs,
(2) compute summary statistics (e.g., net-to-gross, amalga-
mation ratio sensu Romans et al., 2009) and (3) export to a
.csv file that is easily importable into litholog for exploratory
data analysis.

These digitizers were created to collect and compile large
graphic log datasets and leverage statistical methods to an-
alyze patterns of bed thickness, grain size, and stacking
variability. While there is not currently a graphic-log dig-
itizer written in Python, it would be a welcome addition
to these two existing digitizers. There are also numerous,
more generalized digitizers that use color recognition to
convert images to data (e.g., WebPlotDigitizer, Engauge
Digitizer, PlotDigitizer) but are not meant specifically for
graphic logs, making the data collection and storage con-
siderably more cumbersome. We advocate for utilizing
one of the two graphic-log specific solutions for digitizing
legacy logs but recognize that these other digitizers may
be useful to automate data collection for legacy datasets
that have been color-coded by lithology or facies.

To convert a graphic log to structured tabular data us-
ing these software packages, one needs to obtain a high-
resolution image of the graphic log, either scanned from
a field notebook, or saved as an image file (e.g., .png or
tif) from a drafting program. Both StratCoreProcessor and
stRat stat operate through graphical user interfaces (GUIs)
to ensure that users don’t have to be proficient in MATLAB
or R to digitize graphic logs. In both packages, the same
workflow is followed in order to convert an image of a
graphic log into tabular data: (1) launch the GUI and load
an image of a graphic log, (2) set the axes of the graphic
log, both grain size (x) and thickness (y), (3) digitize grain


https://www.strabospot.org

Name of software

Publication/Presentation

Website/Documentation

Features

Digital collection of graphic logs (e.g., with a computer or iPad) (Section 3.1)

StraboSpot

SedLog

StratLogger

https://www.nsf.gov/awardsearch/
showAward?AWD  1D=1639682&

HistoricalAwards=false

https://doi.org/10.1016/j.cageo.

2009.02.009

Digitization of hand-drawn logs (Section 3.2)

StratCoreProcessor

stRat stat

this paper

this paper

https://www.strabospot.org

http://www.sedlog.com/

https://github.com/jcliang001/
Stratlogger; https://github.com/
zanejobe/StratLoggerPlotter

https://github.com/rgmyr/litholog/
tree/master/StratCoreProcessor
Matlab

https://github.com/ActiveMargins/
stRatstat

Digital display and analysis of graphic logs (e.g., from a spreadsheet) (Section 3.3)

litholog

striplog

SDAR

StratigrapheR

StratDraw (requires

CorelDraw)

this paper

https://youtu.be/Qa-GTMFO4I0

https://doi.org/10.25570/stri/

10088/35917

http://hdl.handle.net/2268/234402

https://doi.org/10.1016/j.cageo.

2004.05.004

https://github.com/rgmyr/litholog;
https://litholog.readthedocs.io

https://github.com/
agile-geoscience/striplog

https://cran.r-project.org/web/
packages/SDAR/SDAR.pdf

https://cran.r-project.org/web/
packages/StratigrapheR/index.html

https://www.iamg.org/documents/
oldftp/VOL30/v30-07-10.zip

Advanced: iPad GUI to make GPS-tagged
graphic logs, with many options and cus-
tomization; csv export (Duncan et al., 2021)

Intermediate: GUI for PC/Mac to make
graphic logs with facies labels; base and top
grain size allows for simple representation
of intra-bed grain size changes; csv export
(Zervas et al., 2009)

Simple: GUI for Android devices to collect
graphic logs; No log display, but csv export
for plotting using striplog

Records intra-bed grain size changes as well
as facies, bioturbation, elements, etc.; plot-
ting and analysis functions

Records intra-bed grain size changes; plot-
ting functions; Summary stats for beds, fa-
cies, elements

Stores and plots graphic logs with intra-
bed grain size changes; Grain size converter,
pseudo gamma-ray, Hurst statistics

Flexible package that plots graphic log from
csv, dict, or image; Flexible ‘lexicon’ for de-
scriptors

Plots log from tabular data of thickness and
lithology (but not grain size); combined plot-
ting of graphic logs and well log curves (Or-
tiz and Jaramillo, 2018)

Plots logs from tabular data; custom swatch
creation; spectral analysis of thickness data;
stereographic data integration (Wouters
et al., 2019)

Constructs a simple graphic log from a table
of thickness and grain size data (Hoelzel,
2004)

Table 1 List of open-source software for collecting, digitizing, and plotting/analyzing graphic logs.

Stratigraphic . . Depth values (m) for Grain size values (mm) for
X Thickness | Grain size at . o . s
height at bed top intra-bed grain size intra-bed grain size Notes
(m) top (mm)
(m) changes changes
Covered interval (no
2.1 0.3 NaN intra-bed grain size
changes)
1.8 07 80 [1.1,1.2,1.5,1.8] [5, 20, 30, 80] Conglomerate,
coarsening up
11 0.1 0.02 Mud (no intra-bed
grain size changes)
1.0 1.0 0.0884 [0,0.05,0.1,0.9,1] [1,0.5,0.25,0.125, 0.0884] Sand, fining up

Table 2 Example spreadsheet for structured, tabular, graphic log data. Only the leftmost three columns are necessary to plot and
analyze a basic graphic log using litholog, but the intra-bed grain size columns are necessary to include to generate the graphic log

shown in Figure 2.
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size profiles and bed “tops’ from the image manually via
mouse clicks, and (4) save the data file. This may sound
tedious and time consuming, but in our experience, it is a
straightforward (and cathartic) process that takes less than
an hour to digitize a ~50-m detailed stratigraphic section,
yielding hundreds or thousands of data points. In addition
to thickness and grain size, much more data can also be
digitized, including sedimentary structures, bioturbation,
and facies; the digitizers could be configured /modified to
digitize other features of interest as well.

Both software packages have functionality to plot digi-
tized graphic logs; we have found that exporting the plot-
ted graphic log as a line-art file (e.g., .eps or .svg) and
‘beautifying’ it in drafting software saves significant time as
opposed to tracing the whole log manually using drafting
software. In addition to saving time, going directly from a
field notebook to the digitizer saves a step and also results
in the generation of quantified data about the graphic log
in question. Both packages also compute summary statis-
tics (e.g., net-to-gross, amalgamation ratio), and stRat stat
leverages R packages that allow for the rapid calculation of
summary statistics on demarcated beds and three levels of
stratigraphic hierarchy (e.g., facies, elements, element sets
sensu Macauley and Hubbard, 2013), as well as the ability
to join and summarize both discrete and continuous data
(e.g., petrophysical samples, well logs) over these intervals.

3.3 litholog package

Many of the package above allow for plotting and sim-
ple analysis of a single graphic-log. However, compar-
ing logs from different locations or depositional environ-
ments is of great value (e.g., Sadler, 1982, Sylvester and
Lowe, 2004), and there is an abundance of data available
to do so, but few tools with which to complete these anal-
yses. We present the litholog Python package and associ-
ated data schema (i.e., format) (Table 2) that standardizes
the structure of tabular data needed to store, plot, and
analyze graphic logs. litholog is a Python package-level
extension of striplog (Hall, 2015; https:/ /github.com/agile-
geoscience/striplog) that allows for storage and plotting of
intra-bed grain-size variability (Fig. 2) and the computation
of graphic-log summary statistics (e.g., net-to-gross, amal-
gamation ratio). The only data necessary to digitally store
and plot a graphic log are a structured tabular spreadsheet
that includes the thickness and grain size of each event-bed
or lithologic unit (Table 2; Fig. 2). Even with only thickness
and grain size digitized from a graphic log, important dif-
ferences between depositional processes and environments
have been identified (e.g., Sadler, 1982, Reynolds, 2019).
In the litholog package, data from a graphic log are
stored in the classes Bed and BedSequence; Beds store
data from one lithologic unit/interval (e.g., stratigraphic
height/depth, thickness, grain size), and a BedSequence
is a collection of Beds that in stratigraphic order; BedSe-
quence is the digital equivalent of a graphic log. However,
most graphic logs present much more information than
simply thickness and grain size; thus, the Bed class is flex-
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Figure 2: Graphic log plot output from litholog using the data
from Table 2.

ible and can store the location and thickness of any data
deemed important (e.g., bed boundary types, sedimentary
structures, fossil content, ichnofauna, paleocurrent indica-
tors, facies). If this data exists in a graphic log that is being
digitized, we suggest recording the thickness of these fea-
tures (rather than just their occurrence) so that the features
of the graphic log are digitized in true fidelity. An impor-
tant component of any digitized graphic log is the ability
for a single ‘bed” or sedimentation unit (textitsensu Lowe,
1982) to have vertical changes in grain size (e.g., Figs. 2, 3).
These vertical grain-size changes can inform depositional
process and environment (e.g., Walker, 1965, Sadler, 1982,
Hiscott et al., 1997, Sylvester and Lowe, 2004, Kane et al.,
2017). In previous software, such as SedLog (Zervas et al.,
2009), this is accomplished with the option to choose a dif-
ferent grain size for the base and top of each bed, assuming
a linear rate of fining from base to top. However, grain-
size changes are often distributed unequally through the
thickness of the bed (e.g., Fig. 2), and we advocate for a
data array in the Bed class consisting of grain-size (x) and
height (y) pairs that describe the vertical rate of grain-size
change for each bed (Table 2). For modeling purposes, an
equation could be fitted to these data to inform particle
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settling dynamics of event-beds or the distribution of reser-
voir properties within beds, but the development of such
methods is beyond the scope of this study.

In addition to storing, organizing, and plotting graphic
logs as Beds and BedSequences, litholog also includes
utilities for (1) transforming grain size data between
text, linear units (e.g., mm) and /og» units (e.g., Psi), (2)
calculating summary statistics at the litholog level (e.g.,
net-to-gross, amalgamation ratio), (3) plotting a pseudo
gamma-ray curve, and (3) analyzing facies clustering
using Hurst statistics. A full description of the capa-
bilities of litholog can be found in the documentation
(https:/ /litholog.readthedocs.io).

4. DISCUSSION

4.1 Quantitative insights from digitized graphic logs

Extracting graphic log data into a structured, tabular for-
mat (e.g., Table 2) allows for straight-forward calculation of
descriptive and /or comparative statistics as well as rapid
visualization of the data using any of the field(s) in the
schema. The demo data included in litholog include 13 logs
with 1056 ‘beds’ obtained from two published papers (Jobe
et al., 2010, 2012) that document turbidites from the Cerro
Toro (Chile), Skoorsteenberg (South Africa), Mount Mes-
senger (New Zealand) formations as well as a core descrip-
tion from the subsurface Gulf of Mexico (Jobe et al., 2012).
Combining all 13 logs together irrespective of location, the
gravel-bed, sand-bed, and mud-interval (sensu Fryer and
Jobe, 2019) thicknesses have quite different distributions
and are easily visualized (Fig. 4).

Alternatively, these distributions can be compared across
multiple outcrop locales. For example, Figure 5 compares
the gravel, sand, and mud thickness data from graphic
logs from the Sierra del Toro (SDT) locale of the Cerro Toro
Formation and the Kleine Reit Fontein (KRF) locale of the
Skoorsteenberg Formation. KRF has thinner mud intervals
than does SDT (Fig. 5), easily discernible by visual inspec-
tion (Fig. 5). This is confirmed through a Kolmogorov-
Smirnov (KS) test that demonstrates a significant difference
between the SDT and KRF mud-interval thickness distri-
butions (p = 1 x 10 — 12). Though the inter-quartile sand
thicknesses seem broadly similar between SDT and KRF
(Fig. 5), a KS-test also demonstrates a significant difference
between the two distributions (p = 0.00013). These statis-
tics could be compared from log to log within or between
formations, depending on the research question.

Grain size data is also easily quantified and visualized
using litholog. Figure 6 shows the mean grain size for sand
and conglomerate beds from five graphic logs from the SDT
locale. The mean grain size for each bed was calculated
using a thickness-weighted mean, and the kernel density
estimate shows the distribution of mean grain size for all
the beds from one log (Fig. 6). Trends in mean grain size
could easily be compared spatially using this data (e.g.,
Malkowski et al., 2018), as could the potential for bias
during data collection or digitization (e.g., the log with
much finer-grained sand than the other, Fig. 6).
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Figure 3: Hand-drawn graphic log (left) and output from litholog
(right). Sedimentary structures are not included in this release
but could be added as features in the future.
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Figure 4: Gravel-bed, sand-bed, and mud-interval thickness dis-
tributions from the demo dataset included in /itholog. Shaded
polygons are kernel density estimates (KDEs) and the thicker
lines are cumulative distribution functions (CDFs).

4.2 Graphic logs: Suggested logging template and style
4.2.1 Template

The standardization and quantification of graphic log data
may seem pedantic and onerous, but it will allow our com-
munity to quickly build a large database of stratigraphic
sections and start comparing data from all over the world.
These comparisons can only happen if the sedimentary ge-
ology community is rigorous about data standards/schema
and digitalization, particularly grain-size data (see subse-
quent section). This paper will focus on fine-scale (often
termed “bed-scale”) graphic logs, where every lithologic
change or sedimentation unit (i.e., each bed) is depicted
(e.g., Fig. 1B). For graphic logs drawn at coarser scale, the
inevitable simplifying and lumping that occurs (while use-
ful for that scale of work) means that the data derived
from coarsely measured graphic logs is more subjective
and less useful for detailed classification of depositional
(sub) environments (Fig. 1C, D). If graphic logs are drawn
schematically to save time in the field, we ask that those
logs include some text or symbol to denote where the logs
are schematic (Fig. 1C); this will enable accurate digitaliza-
tion during data compilation efforts.

The suggested logging template is shown in Figure 7
(sized to A4 paper; 8.5” x 11” version included in the Sup-
plemental Documentation). There are 100 equally spaced
horizontal lines for characterizing stratigraphic thickness,
with a bold line every five lines (Fig. 7). These divisions
make the template convenient to log at a scale of 1, 2, 5, and
10 m per page. We recommend measuring at one of these
scales (and no coarser than 10 m per page) to appropriately
capture fine-scale (i.e., bed-by-bed) heterogeneity. Again,
in a coarser-scale study (e.g., formation-scale), we ask that
the author annotate the logs to describe how schematic
they are drawn.

We suggest the utilization of a standardized color scheme
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for sand and mud (Figs. 2, 3, and 8), which will allow
digitalization of raster graphic logs (e.g., from an im-
age) using image-recognition methods (e.g., Pankaj et al.,
2017). We suggest colors to be sand as ‘xkcd:LightYellow’
(RGB 255 254 122 or hex color #fffe7a) and mud as
“xked:LightBrown” (RGB 173 129 80, hex color #ad8150)
and gravel as "xkcd:tangerine’ (RGB 255 148 8, hex color
#{f9408).

4.2.2 Grain size

The Wentworth scale and ¥ (Psi) units

Measuring grain size is perhaps the most subjective ac-
tion when logging, and there can be confusion about grain-
size terminology and grain-size boundaries. We advocate
for using the Wentworth scale (Wentworth, 1922), in which
the various grain size classes are separated by factors of 2,
using a reference grain diameter of 1 mm. In other words,
doubling or halving 1 mm gives coarser and finer grain-
size classes, respectively (Table 3; also see Williams et al.,
2006). This scale easily adapts to the Phi (®) or Psi (¥)
logarithmic transformation using a logarithm with base 2
(i.e., doubling or halving; Table 3). The Phi unit is defined
as ® = logr(D/Dy) where D is a grain size diameter in
millimeters, and D is the reference grain diameter of 1
mm. The ® scale is traditionally used to represent grain
size divisions (Krumbein, 1934), but ® is not intuitive be-
cause ¢ units decrease as grain size increases (Table 3).
Rather, it is more convenient to express grain-size mea-
surements in units of Psi (¥), where ¥ = —&,and thus
Y = logy(D/Dy) (Parker and Andrews, 1985). The ¥ scale
results in grain size divisions that increase with increasing
grain size, which is much more intuitive (Table 3).

D
¥Y=-= logzD—O (1)

Field-estimation of grain size

Grain size, while best quantified with laboratory tech-
niques (see review by Syvitski et al., 1991), is generally
estimated in the field by using a hand lens to compare the
rock to a grain size card that is split in % ¥ units (Table 3).
Choosing a % ¥ unit, however, can be difficult and sub-
jective, as grain size in sandstones is typically log-normal
(Udden, 1914, Spencer, 1963, Visher, 1969) and there can
be significant variability in roundness, sorting, and cemen-
tation that may affect the visual appearance of the sam-
ple (Leeder, 1982). Many grain size cards are also poorly
printed and thus make distinguishing smaller grain sizes
very difficult. We prefer using the grain size cards from
SciOptic USA (Katy, Texas) because they are made from
durable transparent plastic with ink that does not rub off
easily. There are two versions of the SciOptic grain size
card, and we prefer the larger-format card, which includes
gravel divisions and can accurately size grains from lower
very fine sand (Y = —4) to small cobbles (Y = 6). We
recommend measuring and drawing the modal grain size,
which admittedly is a somewhat subjective approximation
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Figure 5: Box plot comparison of thickness data from the Sierra del Toro (SDT) locale of the Cerro Toro Formation (Chile) and the
Kleine Reit Fontein (KRF) locale of the Skoorsteenberg Formation (South Africa).
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Table 3: Wentworth grain-size classes that are most commonly used in sedimentary geology, and their respective Psi (¥ and Phi (®)
values. We recommend using ¥ units, as ¥ increases with increasing grain size, which is more intuitive than ® For a similar version of
this chart, see Williams et al. (2006) or Figure 3 of Farrell et al. (2013).
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Cerro Toro sand & conglomerate grain size distribution
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Figure 6: Kernel density estimates (KDE) of grain size data from

5 graphic logs from the Sierra del Toro (SDT) locale of the Cerro

Toro Formation (Chile). Each KDE is the grain-size distribution
from one graphic log.

using a hand lens and a grain size card. This modal esti-
mate likely underestimates the mean grain size, as grain
size distributions tend to be log-normal in natural systems
(Folk and Ward, 1957, Irani and Callis, 1963). If possible, it
is also very useful to document the maximum grain size as
a separate line on the logging template (e.g., Chapin and
Keller, 2007). Whatever the method or template used, it
is important to indicate/describe that template/method
in a figure caption or methods section accompanying the
graphic log data, or even include a blank logging sheet in
the supplement with a description of logging methods.

In systems with mixed carbonate-siliciclastic input, the
grain-size estimation problem is only exacerbated due
to carbonate allochem diversity and diagenetic processes
(Folk, 1974, Chiarella et al., 2017). In carbonate-dominated
systems, grain size is typically not recorded in a compara-
ble manner to clastic environments, but rather a textural
classification is used on the x-axis of a graphic log (see
discussion in Lokier and Al Junaibi, 2016). New studies
have emphasized the importance of carbonate grain hy-
drodynamics (e.g., de Kruijf et al., 2021), and we advocate
for collection of carbonate grain-size data that is similar to
clastic systems to allow for quantitative comparison in the
future.

How to draw grain size and thickness

When drawing a lithologic unit (i.e., bed), the thickness
of that unit is specified by the y-axis and the grain size (or
grain-size trend) is specified by the x-axis (Fig. 8A). For
thickness measurements, we advocate using the metric sys-
tem (centimeters or meters as the vertical axis), as it makes
measuring at various scales much simpler (e.g., how many
inches is a tenth of a foot if logging at 1:10?—perhaps an
Americentric problem). While drawing a unit of thickness
is straightforward, grain size is where most of the subjectiv-
ity exists in a graphic log, as many sedimentary geologists
draw grain size differently. For example, if a hand lens and
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grain size card are used to estimate a grain size of lower
medium sand (250-375 um), should one plot that point
on the line separating fine and medium, or in the center
of the lower medium bin? This may seem like a pedantic
point, but when digitizing hand-drawn logs, the wrong
convention can misrepresent grain size by %2 Y or more,
which is often the difference between lithofacies and/or
subenvironments in clastic systems (Visher, 1969, Hawie
et al., 2019). Thus, we propose the following methodology
for drawing grain size on the suggested template (Fig. 8).

Since grain size is only estimated to the nearest %2 ¥ in-
crement (Table 3), grain size should be drawn in the center
of the appropriate ¥2 ¥ bin on a graphic log. The red boxes
in Figure 8A denote the uncertainty associated with typi-
cal in-the-field grain size measurement (e.g., 0.125 to 0.177
mm, or —3 to —2.5Y or lower fine-grained sand). For ex-
ample, a 10-cm thick sandstone that has a modal grain size
of lower fine, but has a 1-cm basal lag of upper coarse sand
is drawn as shown in Figure 8A. To characterize grain size
more accurately, quantitative granulometry (e.g., Syvitski
et al., 1991) would be necessary.

Importantly, there are equal-width bins for each sand
grain size class (i.e., each ¥2 ¥ unit) on the template (Fig. 7),
and micron values separate the classes. This equal-width
binning has three main advantages over arbitrary-width
bins: (1) the bins are intuitive as they match most grain
size cards and most closely resemble the Wentworth log,
grain size scale, (2) grain size can be drawn to the nearest
% ¥ increment, as described above; and (3) it allows for
simple and objective digitalization of sand grain size from
a pencil-drawn log using a simple logarithmic transform of
the x-axis. This third advantage is important, as geologists
will often modify the grain size x-axis for their field area
or scale of work (e.g., different widths for different grain
size fractions) or omit grain size classes altogether (e.g.,
Fig. 1C, D), which makes digitizing grain size very difficult,
or even impossible. For mudstones, even though silt and
clay both contain multiple Phi-units, we advocate drawing
the same width as the sand bins (Fig. 7); this is done for
practicality, as sub-units of silt and clay are generally not
field-identifiable. The same logic stands for pebble, cob-
ble, and boulder grain sizes (Fig. 7). For those geologists
studying very coarse-grained or very fine-grained systems,
another logging sheet may be appropriate.

When digitizing pencil-drawn logs, the thickness should
be discretized only to the resolution at which the log was
drawn (e.g., 1 cm for the example in Fig. 8). This is practical
to avoid oversampling, and allows each discrete thickness
unit to be assigned a grain size range (i.e., a % ¥ increment).
Using this range rather than a single grain-size value for
each discretized thickness bin is a more honest represen-
tation of the field-collected data, and it makes uncertainty
propagation during a comparative analysis more realistic,
especially when comparing logs from different authors or
among templates with variable grain size axes. If granulo-
metric data are present, this grain-size uncertainty can be
quantified and perhaps reduced.
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Figure 7: Blank logging template (see Supplemental Documentation for printable A4, Letter, and Tabloid sizes). Original source of this
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Figure 8: Example graphic logs. (A) An example graphic log on the template, demonstrating the style of logging and the associated uncertainty in grain size. (B) Same log as in

part A, but with colors for major lithologies (e.g., sand, mud) that are described in the text.
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Contacts between lithologic units or beds can be char-
acterized as gradational, sharp, or erosional (e.g., Zervas
et al., 2009). We choose not to incorporate bed bound-
aries, primary sedimentary structures, ichno-structures,
or diagenetic features (e.g., concretions) into a standard-
ized schema, due to their vast variety and variability. We
strongly suggest authors to provide a detailed legend of
their symbology of structures and a note about what was
not recorded (e.g., bioturbation). Several existing symbol-
ogy libraries exist:

® https://www.iogp.org/blog/geomatics/
shell-releases-its-standard- legend-to-industry-and-academia/

® https://esri-styles.maps.arcgis.com/home/item.html?id=
54f7adc786e24fed9e9ff6ab9731462b

e https://github.com/afrigeri/geologic-symbols-qgis

e https://www.npd.no/globalassets/2-force/2020/
nettverksgrupper/geostandard _final.pdf

e https://blogs.otago.ac.nz/si-geology/
resources/illustrationgraphics-resources/
usgs-inkscape-pack-instructions-and-download-link/

e https://pubs.usgs.gov/tm/2006/11A02/

4.3 A call for quantitative data collection

Sedimentary geology is oftentimes a qualitative science,
particularly when dealing with descriptions of depositional
environments from outcrop and core data. However, am-
ple quantitative data is collected using graphic logs (e.g.,
bed thickness, grain size, sedimentary structures, stacking
patterns, bioturbation index) to help quantify and bolster
our interpretations. The resulting data has immense value
for quantifying (and predicting) depositional environment
characteristics (e.g., T6kés and Patacci, 2018, Fryer and
Jobe, 2019, Vento, 2020).

We advocate for the careful collection and digitaliza-
tion of graphic logs; indeed, the adoption of these meth-
ods across the entire sedimentary geology community
would generate a large and ever-growing source of quan-
titative, classified, machine-readable data that can be har-
nessed for statistical analysis and machine-learning pur-
poses. An obvious use of this data would be to use
well-constrained examples as training data for assess-
ing depositional-environment-interpretation uncertainty
in ambiguous or data-limited cases (e.g., subsurface core
data). Lastly, a growing database of fine-scale data from
graphic logs will aid in parameterizing reservoir models for
water-resource, critical mineral, and hydrocarbon-reservoir
evaluation.

CONCLUSIONS

Graphic logs are the ubiquitous method for measuring
and characterizing the stratigraphic record, but most of
that data remains inaccessible and analog in nature. We
present open-source software to (1) digitize the vast library
of graphic-log data present in field books, publications,
and theses, and (2) store, plot, and analyze that data in
a structured, tabular format. Digitizers in MATLAB and
R are provided for log digitization, and the Python pack-
age litholog aids in data storage, plotting, manipulation,

and analysis. In order to standardize data collection, we
also provide a graphic-log template for measuring strati-
graphic sections, and discuss the importance of accurately
reproducing the grain-size scale on logging paper and its
downstream effects on digitization and grain-size assign-
ment for a particular depth interval. While we support
the traditional methods of logging a section, we do advo-
cate for drawing logs in a way that allows for objective
digitization. Lastly, we advocate for the digitization and
quantitative analysis of graphic-log data to help quantify
observations and interpretations in sedimentary geology
(e.g., depositional (sub)environments and facies analysis).
We hope that the resources presented in this study can aid
in new research directions and discoveries in sedimentary

geology.
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