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ABSTRACT

Changes in elemental chemistry have been used to define strati-
graphic correlations between wellbores in petroleum basins. Few
publications, however, relate defined chemical stratigraphy to
physical correlations, and none have been found that do so in flu-
vial systems. Here, chemostratigraphy is applied to Permian flu-
vial sediments within the Beaufort Group of the Karoo Basin in
South Africa, and a correlation between three logged sections is
defined. This correlation is tested against physically determined
chronostratigraphic correlations achieved using Heli-LIDAR data
to provide a high-resolution correlation between two sections
7 km (4.4 mi) apart, and mapping of strata using Google Earth to
produce a correlation between sections 25.5 km (15.8 mi) apart.

The chemostratigraphic characterization that is defined using
data from fine-grained lithologies resulted in the recognition of
eight chemostratigraphic packages, with thicknesses between 50
and 250 m (164 and 820 ft) over a stratigraphic interval of approx-
imately 900 m (2953 ft). Two distinctive changes in geochemical
composition of the coarser lithologies (fluvial channel belts) were
seen over this interval. In the two sections that are 7 km (4.4 mi)
apart, higher resolution subdivision of chemostratigraphic pack-
ages was achieved to produce four correlative geochemical units
(30–60 m [98–197 ft] in thickness) that provide a high-resolution
correlation.

The chemostratigraphic and chronostratigraphic correlations
are in close agreement in both the 7-km- (4.4-mi) and the 25.5-
km- (15.8 mi) spaced sections. The thickness of the study interval
and spacing of sections is analogous to published chemostratigra-
phy studies on subsurface sequences; thereby, ground truthing the
use of chemostratigraphy for correlation in subsurface fluvial
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systems that are, to some degree, analogous to the Beaufort Group
sediments of this paper.

INTRODUCTION

The technique of elemental chemostratigraphy (the use of changes
in elemental composition determined from whole rock inorganic
geochemistry to define stratigraphic frameworks) has been used
for several decades. However, its use in the oil and gas industry
has proliferated over the past decade (Pearce et al., 2005a, b;
Ratcliffe et al., 2006; Hildred et al., 2010; Ratcliffe et al., 2010;
Wright et al., 2010; Ratcliffe et al., 2012a, b) as a result of the
growing realization of the independent and objective characteriza-
tion and correlation it can provide. Because of its objectivity and
independence, it is commonly employed to provide an alternative
solution where other stratigraphic methods are providing conflict-
ing models. Typically, more recent publications use elemental
chemostratigraphy on data derived from wellbore core and cut-
tings samples. The resultant elemental data have been used to
model changes in geological features such as sediment prov-
enance (Armstrong et al., 2004; Pearce et al., 2005a, b), paleocli-
mate (Retallack, 1997; Armstrong et al., 2004; Ratcliffe et al.,
2010), basin anoxia (English, 1999; Algeo et al., 2004; Ratcliffe
et al., 2012a; Sano et al., 2013), fluctuations in terrigenous input
(Davies et al., 2014) or simple lithological variations. However,
despite the numerous studies and their proposed geological inter-
pretations, there is very little published work (North et al., 2005;
Davies et al., 2014) in which chemostratigraphic correlations are
tested against physical correlations that are chronostratigraphic.

This paper documents the correlation of fluvial strata using
geochemical profiling in the Beaufort Group of the Karoo Basin,
South Africa, and tests these correlations against absolute strati-
graphic correlations derived from physically linking sections in
the field. In doing so, it aims to (1) critically assess the validity
and limits of geochemical profiling as a correlation tool in fluvial
successions, (2) explore possible explanations of the correlations
in terms of fluvial architecture which would produce the elemental
abundances on the temporal and spatial scales found in this study,
and (3) consider whether this study is likely to be the exception or
the rule that chemostratigraphy can provide chronostratigraphi-
cally significant correlations in fluvial settings.

STUDY AREA AND STRATA

The study sections are located in the Karoo Basin of South Africa,
west of the town of Sutherland in the Northern Cape (Figure 1).
The sequence being analyzed belongs to the Permian Waterford
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EDITOR ’S NOTE

A color version of Figure 3 can be seen in the
online version of this paper.
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and Abrahamskraal Formations of the Ecca and
Beaufort Groups, respectively (Figure 2).

The Waterford Formation is a marine sequence
of shallow marine mudstones and sandstones. The
Waterford Formation at Ouberg Pass is character-
ized by (1) submeter-thick, grey to dark green lami-
nated, massive, rippled or heterolithic (with fine
sandstone) fine to coarse siltstones with carbonate
nodules, and occasional Glossopteris leaf fossils;
(2) submeter-thick, massive, laminated and rippled
fine-grained sandstone sheets with occasional
Skolithos trace fossils and nodules; and (3) thicker
(≤ 12 m [≤ 39 ft]) laminated, rippled, massive and
trough cross-bedded, fine-grained sandstones with
basal matrix-supported conglomerates. The larger
sand bodies we interpret to reflect delta mouth bar
deposition and the mudstones deposition in interdistri-
butary bays.

The Waterford Formation passes upward into a
fluvial sequence of the Abrahamskraal Formation,
lower Beaufort Group. These rocks are characterized
by (1) red, green, or grey dm-bedded, massive,

rippled or laminated, fine- to medium-grained silt-
stone sheets, featuring Skolithos burrows, plant frag-
ments (rare), pedogenic carbonate nodules, and
desert roses (pseudomorphs after gypsum); (2) blue-
grey (weathering beige), meter-scale, massive, lami-
nated or rippled, coarse siltstone to fine-grained sand-
stone sheets with occasional Skolithos; and (3) larger
(>4 m [> 13 ft] thick) laminated, low-angle planar
cross-bedded or rippled (rarer) fine- to (rare)
medium-grained sandstone sheets with occasional
basal conglomerates, forming thicker complexes
locally (Wilson et al., 2014). The facies proportions
are 0.2–0.9% conglomerates, 17.0–26.8% sandstone,
72.0–82.8% mudstone, and 0.1–0.4% tuffs, by thick-
ness from Skurweberg and Ouberg logs. These are
interpreted to represent deposition by (1) distal cre-
vasse splays and ephemeral lake and flood basin sus-
pension settling deposition, (2) proximal crevasse
splays, and (3) bed load deposition within fluvial
channels (channel belts), respectively. Desiccation
cracks and wind-accumulated gypsum crystals
(Stear, 1978) also indicate strong evaporation.

Figure 1. Study area and location of three study sections. (A) Outline map of southern Africa showing the location of box B. (B)
Geological map of the western Karoo Basin showing the basin stratigraphy and the location of the study area C. (C) Hill-shaded topo-
graphic map of study area highlighting the location of the three logged sections. Lines of alternating white and black indicate the loca-
tions of sampled sections, solid black lines are tar roads or gravel tracks. Geological map based on Johnson et al. (1997).
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White, centimeter- to decimeter-thick volcanic tuffs
are present within the sections but are apparently rare,
although their rarity may be a feature of hillslope
weathering as they are more common in road
cuts than in natural exposure hillside and stream
sections.

Three sections have been logged and analyzed
from Ouberg Pass (OP) (log 0 m, −32.407412°,
20.326497°), Skurweberg Pass (SP) (log 0 m,
−32.351120°, 20.348638°) and Verlatekloof
Pass (VP) (log 0 m, −32.562565°, 20.526007°)
(Figures 1, 3). The Ouberg Pass section runs from
the top of the Waterford Formation into the overly-
ing Abrahamskraal Formation. The section totals
549 m (1801 ft) and exposure is generally good

(Figure 3B). The section at Skurweberg Pass lies
approximately 7 km (4.4 mi) to the north of the
Ouberg Pass section and is 222 m (728.4 ft) in
length, and exposure along this section is moderate
to good (Figure 3A). The base of the Verlatekloof
Pass Section lies 25.5 km (15.8 mi) to the southeast
of the base of the Ouberg Pass. The total thickness
of the section is 739 m (2424.5 ft), with about 50%
exposure over this thickness. The sections at
Ouberg and Skurweberg Passes were logged
through hillside exposures, and at Verlatekloof
Pass several discrete road cut exposures along the
R354 road were logged, separated by areas of non-
exposure. Exposure in the road cuts is good
(Figure 3C), but between the cuts is poor or

Figure 2. Stratigraphy of study area. The study interval, highlighted by a box, is located in the mid-Permian Abrahamskraal Formation
and the underlying Waterford Formation. Based on Flint et al. (2011) and Wickens (1994).
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completely covered. The thickness of unexposed
strata was estimated in the field using a laser ranger
(LTI Trupulse 360B) and bedding dips, and verified
using Google Earth to trace exposed sandstone
deposits from the inaccessible exposures into the
road cut. All sections were logged at cm–dm resolu-
tion where bedrock was exposed, and sampled at
50 cm (19.7 in.) intervals for elemental analysis
allowing samples to be confidently tied to
stratigraphy.

No regional marker surfaces or strata exist, such
as marine limestones, and although local sand-rich
and mud-rich intervals are present, they are not
correlative locally or regionally. There are also no
systematic or diagnostic lithostratigraphic features
which differentiate any part of Ouberg, Skurweberg,
or Verlatekloof sections from any other of the three
sections.

STUDY MATERIAL

Field samples were collected and analyzed for
their whole rock inorganic geochemistry, with the
aim of defining a chemostratigraphic zonation for
the sequence. A total of 1075, 276, and 412 samples
were collected from Ouberg, Skurweberg, and
Verlatekloof Passes, respectively. In addition to
grain-size data obtained from sedimentary logging,
the elemental data have been used to create a “chemi-
cal gamma” log. K2O, Th, and U were all acquired by
the processes described below, thereby allowing the
API value of each sample to be determined using the
formula:

Chemical Gamma = ðK2O × 13.55Þ + ðTh × 3.93Þ
+ ðU × 8.08Þ

(Ellis and Singer, 2007). When these values are
plotted, a log comparable to a gamma (ray) log is pro-
duced (Figure 4).

Sample Preparation and Analysis

Where possible, samples that showed no influence
of surficial weathering were collected. Weathering
rinds were carefully removed prior to preparation.

Each sample was described and located on the sedi-
mentary logs for Ouberg and Skurweberg passes.
They were then ground to a powder in a ball mill
and, following Li-metaborate fusion, were analyzed
using inductively coupled plasma optical emission
spectrometry (ICP-OES) and mass spectrometry
(ICP-MS). The methods of fusion and analysis are
those described in Jarvis and Jarvis (1995). These
analytical methods result in data for 50 elements:
10 major elements, reported as oxide percent by
weight (SiO2, TiO2, Al2O3, Fe2O3, MgO, MnO,
CaO, Na2O, K2O and P2O5); 25 trace elements,
reported as parts per million by weight (ppm) (Ba,
Be, Bi, Co, Cr, Cs, Cu, Ga, Hf, Mo, Nb, Ni, Pb,
Rb, Sn, Sr, Ta, Tl, Th, U, V, W, Y, Zn, and Zr);
and 14 rare earth elements (REE), reported as parts
per million by weight (La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Ho, Dy, Er, Tm, Yb, and Lu). Precision error
for the major element data was generally better than
2% and is around 3% for the high-abundance trace
element data derived by ICP-OES (Ba, Cr, Sc, Sr,
Zn, and Zr). The remaining trace element abundan-
ces were determined from the ICP-MS, and data
were generally less precise, with precision error on
the order of 5%. Accuracy error is ± 1% for major
and ± 3 to 7 ppm for trace elements, depending on
the abundance. Expanded uncertainty values (95%
confidence), which incorporate all likely errors
within a statistical framework derived from 11
batches of 5 certified reference materials (CRMs),
each prepared in duplicate, are typically 5–7% (rela-
tive) for major elements and 7–12% (relative) for
trace elements.

CHEMOSTRATIGRAPHIC
CHARACTERIZATION AND CORRELATION

A chemostratigraphic study aims to identify packages
of strata which have unique chemical signatures that
can be identified in a stratal sequence by the relative
changes in chemical composition throughout the sec-
tion. The primary control on elemental geochemistry
of sediments is lithology (rock-forming mineralogy),
but chemostratigraphy relies upon characterization
of subtle changes within similar lithologies.
Therefore, the first step in a chemostratigraphic
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characterization is to divide the dataset into broadly
similar lithological groups. No bias was placed on
lithology during sampling, that is, the lithology
encountered at each 50 cm (19.7 in.) increment was
selected irrespective of whether it was a sandstone,
siltstone, or mudstone (claystone). As a result, a con-
tinuous array of siliciclastic lithologies have been
analyzed with no clear geochemical demarcation
between sandstone and mudstone lithologies possible
(e.g., by SiO2∕Al2O3 values). This makes defining
lithological groups somewhat arbitrary. Based on the
field description of the strata from where the samples
were taken, the geochemical data related to that sam-
ple were divided into one of the following two
groups: (1) medium to coarse siltstones ranging up
to fine to medium sandstones and (2) fine siltstones
and mudstones (claystones). These two lithological
groups were considered separately for chemostrati-
graphic purposes; the medium siltstones and sand-
stone collectively were referred to as the coarse
lithologies, and fine siltstones and mudstones (clay-
stones) as the fine lithologies.

The aim of this work is to validate the use of
chemostratigraphy as the basis of correlation from
data derived from wellbore samples in fluvial reser-
voirs, the vast majority of which are cuttings (e.g.,
Ratcliffe et al., 2010). Cuttings samples from well-
bores are rarely collected at a sampling frequency
greater than 3 m (9.8 ft), and these are composite
samples containing representative components from
the entire 3 m (9.8 ft) of their depth range. To mimic
results from cuttings, a moving average was applied
to the field sample data, with n = 10, that is, a 5 m
(16 ft) composite. This process also has the effect
of better enabling trends in the data to be seen
through background noise. When dealing with com-
posited cuttings samples, the predominant lithology
over the composited interval is picked from the cut-
tings sample for analysis. Because regional correla-
tions commonly rely upon mudstones (e.g., Pearce
et al., 2005a; Ratcliffe et al., 2010), mudstones were
preferentially selected. As a consequence, sandstone
beds less than 1–2 m (3.3–6.6 ft) thick (depending
on sample frequency) were rarely sampled from the
cuttings samples. Therefore, only data from beds of
coarse lithology over 2 m (6.6 ft) in thickness are
displayed in the chemical logs of Figure 4.

Chemostratigraphic characterization, like any
stratigraphic technique, requires a hierarchical
approach with definition of broad isochemical inter-
vals, which can typically be defined using graphical
methods, and thinner intervals that may be based
more on chemical log character than absolute changes
in composition. The nomenclature and protocol of
Ratcliffe et al. (2010) are followed here, such that
the broad graphically recognizable intervals are
referred to as packages and the finer interval as geo-
chemical units. Typically, the chemostratigraphic
packages are used to define correlations over tens of
kilometers, and geochemical units are used to define
higher resolution correlations over several kilometers
(Pearce et al., 2010; Ratcliffe et al., 2010, 2012b;
Sano et al., 2013).

Fine Lithology Geochemistry

The entire study interval is divided into eight graphi-
cally distinguishable packages, package 10 to pack-
age 80, based largely on characterization of the fine
lithologies (Figures 4, 5). Although not all packages
were recognized in all sections, because of the lim-
ited exposure rather than original stratigraphy, some
can be correlated between all three sections
(Figure 4). Between the two relatively closely
spaced sections at Ouberg Pass and Skurweberg Pass,
several geochemical units were recognized and corre-
lated (Figure 6).

Packages 10–30

These three packages are restricted to the Ouberg
Pass Section (Figure 7) and represent the transition
from marine deltaic sediments of the Waterford
Formation (package 10) to fluvial sediments of the
Beaufort Group (package 30 and above).

• Package 10: The fine-grained lithologies in this
package have higher TiO2∕Nb values than any
others in the study interval (Figures 4–6).

• Package 20: The fine-grained lithologies in this
package have lower TiO2∕Nb values than under-
lying package and higher Cr/Sc and Cr/Nb values
than the overlying package (Figures 4–6).
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• Package 30: The fine-grained lithologies from
this package are differentiated from those below
by their low TiO2∕Nb and Cr/Sc values and from
those above by their high TiO2∕Nb values
(Figures 4–6).

Package 40

The fine-grained lithologies from package 40 are
differentiated from those below by their low
TiO2∕Nb values and from those above by their low
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Cr/Sc and Cr/Nb values. The top of Package 40 is
defined by a sharp upward increase in Cr/Sc and
Cr/Nb values and marks one of the most significant
geochemical changes in the study sequence, a sur-
face essentially dividing the study interval into two
(Figures 4–6).

Package 50

The fine-grained lithologies of this package are
differentiated from those below by their high Cr/Sc
and Cr/Nb values and from those above by their high
TiO2∕Nb values (Figures 4–6).
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Figure 7. Binary diagrams constructed from fine-grained lithology data to graphically display package definition in Ouberg Pass and
Skurweberg Pass. Note that a moving average has been applied to the data to better see trends through background noise.
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Package 60

The fine-grained lithologies of this package
are differentiated from those in the underlying
package by their low TiO2∕Nb values and from
those above by their low Cr/Sc and Cr/Nb values
(Figures 4–6).

Package 70

The fine-grained lithologies of this package
are differentiated from those in the underlying
packages by their high Cr/Sc and Cr/Nb values
(Figures 4–6).

Package 80

The fine-grained lithologies of this package are
differentiated from those in the underlying packages
by their low TiO2∕Nb values (Figures 4–6).

Coarse Lithology Geochemistry

The coarse-grained lithologies also show significant
changes in elemental composition through time, with
three clearly defined long-lived compositions. A
fourth composition is seen, but appears to be strati-
graphically restricted (Figure 8).

Composition 1 is seen in the Ouberg Pass Section
in the coarser lithologies from Package 10. Values of
Na2O∕Al2O3 and Ga/Rb are low in this composition
compared to those above.

Composition 2 is seen on the Ouberg
Pass Section and at the base of the Verlatekloof Pass
Section. The coarse lithologies that represent this
composition have higher Na2O∕Al2O3 and Ga/Rb
values than those of composition 1 and lower
Na2O∕Al2O3 values than those above. The values of
Ga/Rb reach a maximum at the sandstone midway
through Package 40. In both the Ouberg Pass and
Verlatekloof Pass sections, the change in coarse-
grained lithology composition is abrupt and occurs
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around 25–30 m (82–98 ft) above the base of Package
40 (Figure 4), or the first significant coarse lithology
above the top of Package 40.

Composition 3 is seen in all three sections, and the
coarse-grained lithologies of this composition have the
highest Na2O∕Al2O3 values in the study interval.

Composition 4 is restricted to sandstones at
the base of Package 70. This composition has very
high Cr values, resulting in high Cr∕TiO2 values
(Figures 4, 8).

CHEMOSTRATIGRAPHIC CORRELATIONS

Vertical changes in elemental composition can clearly
be recognized in the study sections (Figure 4).
However, as emphasized by Schoch (1989) correlation
is of overriding importance to stratigraphy, and the
science would be reduced to the description of
innumerable, localized successions of strata without
it. Characterizing single wellbores is of little impor-
tance, but being able to extend that characterization
over an oil field or a prospective basin is without doubt
the single most important building block for all
later studies in the oil and gas industry. In this section,
the correlation of the three studied sections is
considered.

Short Range: Ouberg Pass to Skurweberg
Pass (Field-Scale Correlation)

The fine lithologies from the Skurweberg Pass
section plot in three distinct clusters that allow the
packages defined in the Ouberg Pass section to be
recognized in the Skurweberg Pass section
(Figure 7). The top of package 50 is placed at a sharp
upward decrease in TiO2∕Nb values and the top of
package 60 at a sharp upward increase in Cr/Sc and
Cr/Nb values (Figure 6).

In addition to this package correlation, package
60 is further divided into four geochemical units 30–
50 m (98–164 ft) thick that are correlative between
the Ouberg and Skurweberg Pass sections
(Figure 6). Unit 60_1 has high TiO2∕Nb values,
appearing to be transitional between package 50 and
the overlying units of package 60. Unit 60_2 is char-
acterized by its low Rb/Cs values compared to the
other units in package 60. Unit 60_3 has higher

Rb/Cs values than Unit 60_2 and lower TiO2∕Nb val-
ues than Unit 60_1. Unit 60_4, which has high
TiO2∕Nb values, is only seen in the Ouberg Pass
Section, presumably being associated with a zone of
no exposure in the Skurweberg Pass section.

Long Range: Ouberg Pass to Verlatekloof
Pass (Subregional-Scale Correlation)

The oldest section in Verlatekloof Pass has
fine-grained lithologies with low Cr/Sc and Cr/Nb
values that plot in association with package 40
samples from the Ouberg Pass section (Figures 5,
6). A sharp upward increase in values of the Cr/Sc
and Cr/Nb ratios is seen 30 m (98 ft) above the base
of the section, which is correlated to the same
feature in the Ouberg Pass section to define the top
of package 40. This interpretation is supported by
the change in composition of the coarse lithologies
that occurs about 30 m (98 ft) above this surface
in both the Verlatekloof and Ouberg sections.
(Figures 6, 8).

A sharp upward decrease in TiO2∕Nb values of
the fine-grained lithologies allows recognition of the
top of package 50 in both sections (Figure 4). The
assignment of samples to package 50 is supported
by the binary diagrams in Figure 5.

Samples of fine-grained lithologies from package
60 have distinctively low TiO2∕Nb values and high
Cr/Sc values in both sections (Figures 4, 5). Although
the top of the package is close to the top of the study
interval in the Ouberg Pass Section, it is relatively well
defined by the upward increase in Cr/Sc and Cr/Nb
values. In Verlatekloof Pass, this change appears to
occur in a zone of no exposure.

The coarse lithologies at the base of package 70
in the Verlatekloof Pass Section have very high
Cr∕TiO2 values, a similar composition to that seen
at the base of this package in the Skurweberg Pass
Section; no coarse lithologies were analyzed from
Package 70 in the Ouberg Pass Section.

The Verlatekloof section extends almost 450 m
(1476 ft) stratigraphically above the top of the
Ouberg Pass Section. One notable and consistent
change in geochemistry is recognized in this interval
at 460 m (1509 ft) above section base, where the
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TiO2∕Nb values decrease. The low TiO2∕Nb values
are used to define package 80 (Figures 4, 5).

Interpretation of Key Elements and Element
Ratios Used to Define the Chemostratigraphic
Characterization of the Beaufort Group

The correlations in Figures 4 and 6 were achieved by
identifying trends in the ratios of selected element
concentrations. Here, the meaning of those ratios is
discussed. Ideally, a wide suite of mineralogical
data, petrography, heavy mineral analysis, and
X-ray diffraction data would be required to

comprehensively understand the mineralogical con-
trols on the elements being used for stratigraphic
correlations. Such data are unavailable here and,
indeed, are rarely available in an oilfield setting.
Numerous authors (Pearce et al., 2005a; Svendsen
et al., 2007; Ellwood et al., 2008; Pe-Piper et al.,
2008; Ratcliffe et al., 2010, Sano et al., 2013) have
demonstrated that an indication of the main mineral-
ogical controls on elemental data can be gained by
considering the eigenvector values obtained through
principle component analysis (PCA). Eigenvectors 1
and 2 for the fine lithologies and for the coarse
lithologies are presented in Figure 9. In this type of
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diagram, the more closely elements plot to one
another, the more closely they are related to one
another in the sediment, so two elements plotting in
extremely close proximity (e.g., Zr and Hf on
Figure 9) are likely to be present in the same mineral
phase, which in the case of Zr and Hf is the heavy
mineral zircon. In Figure 9, the elements fall into
well-defined groups that allow the interpretation
below to be made.

Mineralogy: Fine-Grained Lithologies

The eigenvectors for elements of the fine-grained lith-
ologies (Figure 9A) fall into six groups.

Group 1 contains SiO2 and Na2O. In silty mud-
stone lithologies, the amount of SiO2 reflects the
amount of quartz. Therefore, the close association of
Na2O with SiO2 suggests that it is in some manner
associated with quartz in the fine-grained lithologies.
The most common way this association develops is
because of the grain-size similarity of plagioclase
feldspar and quartz, implying that Na2O in the fine-
grained lithologies of the study interval is associated
with plagioclase feldspar. A similar association is
reported by Ratcliffe et al. (2010) for silty mudstones
in the Mungaroo Formation, Northern Carnarvon
Basin, Australia.

Group 2 contains Al2O3, K2O, MgO, Fe2O3, Ga,
Zn, Sc, Ni, Cr, Rb, Co, and Cs. In siliciclastic sedi-
ments Al2O3 is typically directly related to total clay
content (Pearce et al., 2005a; Ratcliffe et al., 2012b;
Sano et al., 2013) and, therefore, the elements associ-
ated with Al2O3 are also likely to be associated with
clay minerals. K2O, Rb, and Cs are typically associ-
ated with illite/smectite, Al2O3 and Ga with kaolinite,
and MgO, Fe2O3, Sc, Zn, and Ni with chlorite.

Group 3 contains Zr and Hf, both of which
are typically associated with zircons in siliciclastic
sediments (Armstrong et al., 2004; Pe-Piper et al.,
2008).

Group 4 contains P2O5, light rare earth elements
(LREE), middle rare earth elements (MREE), heavy
rare earth elements (HREE), and yttrium (Y).
Discrete tuff beds occur in the study intervals, and
these have high concentrations of the elements in this
group. Although data from tuffs are not included in
the dataset used to generate the eigenvector plots in

Figure 9, these elements probably reflect tufaceous
material entrained in the sediment.

Group 5 contains TiO2, Th, Ta, and Nb. This is a
common group of elements that typically indicates
the influence of Ti-oxide minerals such as rutile and
anatase (Pearce et al., 2010; Ratcliffe et al., 2010).

Group 6 contains CaO, MnO, Sr, Mo, Cu, and
Ba. CaO is typically associated with calcite and,
therefore, the other elements in this group are also
likely to be associated with calcite.

Based on the discussions above, the following
inferences can be made about the element ratios
shown in Figures 4 and 5.

For Cr/Sc, both elements plot closely together in
group 2 in Figure 9A, implying that both are associ-
ated with clay minerals. Although both are typically
most abundant in chlorite, the changes in the Cr/Sc
ratio must be recording changes in the proportion of
clay mineral species in the fine-grained lithologies.

For Cr/Nb, Nb plots in group 5, interpreted to be
related to Ti-oxide heavy minerals. Therefore, this
ratio most likely reflects changes in the abundance
of chlorite and Ti-oxide heavy minerals.

For TiO2∕Nb, both elements plot in group 5, and
therefore, changes in this ratio probably reflect
changes in species of Ti-oxide minerals.

Mineralogy: Coarse-Grained Lithologies

In Figure 9B, which is constructed from coarse-
grained lithologies, the elements fall into three dis-
tinctive groups.

Group 1 contains SiO2 and Na2O. SiO2 typically
reflects the amount of quartz in siliciclastic sediment,
and therefore, Na2O must be associated with quartz.
A similar association is reported in Ratcliffe et al.
(2010) where the Na2O association is demonstrated
to be caused by the amount of plagioclase feldspar.

Group 2 contains Al2O3, K2O, MgO, Fe2O3, Rb,
Cs, Ga, Ni, Co, Sc, and Zn. In a siliciclastic sediment,
Al2O3 typically reflects total clay contents in the
matrix, and therefore, the elements associated with
Al2O3 are likely to be associated with clay minerals.
K2O, Rb, and Cs are typically associated with illite/
smectite, Al2O3 and Ga with kaolinite, and MgO,
Fe2O3, Sc, Zn, and Ni with chlorite.
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Group 3 contains TiO2, P2O5, Nb, Ta, Th, Y, Cr,
Zr, Hf, LREE (including La), MREE, and HREE. Zr
and Hf are typically associated with the amount of
zircon in a sandstone, and therefore, other elements
associated with Zr and Hf are likely associated with
heavy minerals (Armstrong et al., 2004). Typically,
P2O5 and La are associated with apatite, Cr with Cr-
spinel, and TiO2, Nb, Ta, and Th with Ti-oxide heavy
minerals.

Group 4 contains CaO, MnO, Sr, Mo, Cu, and
Ba. CaO is typically associated with calcite, and
therefore, the other elements in this group are also
likely to be associated with calcite.

Therefore, the probable controls on the key ratios
used to characterize the coarse lithologies are as
follows.

For Na2O∕Al2O3, Na2O is associated with pla-
gioclase feldspar. By normalizing it against Al2O3,
some of the minor variations in lithology are
removed. A similar interpretation of Na2O∕Al2O3

was made by Ratcliffe et al. (2010) in the sandstones
of the Mungaroo Formation.

For Ga/Rb, both elements are associated with
clay minerals, but Ga is more commonly associated
with kaolinite and Rb with illite. Therefore, this ratio
reflects the proportion of kaolinite and illite. A simi-
lar interpretation of Ga/Rb was made by Ratcliffe
et al. (2010) in the sandstones of the Mungaroo
Formation.

For Cr∕TiO2, the high value of this ratio in
Figure 4 is driven by Cr and the high Cr∕TiO2 sands
are interpreted to have a distinctive mafic provenance.

PHYSICAL CORRELATIONS

The chemostratigraphic correlations were tested
against physical correlations established using
helicopter-based LIDAR and Google Earth, for the
short and long distance correlations, respectively.

Short Range: Helicopter-Based LIDAR
Correlation

The hillside section between Skurweberg and Ouberg
passes, 7 km (4.4 mi) apart, were scanned using a
helicopter-mounted laser scanner with integrated

high-resolution digital camera to collect a point cloud
representing the topography and photographs of the
section. These were combined into a photo-realistic
virtual outcrop model (VOM) using the processing
techniques outlined in Buckley et al. (2008) and
Rittersbacher et al. (in press). Channel belt architec-
ture in the area is characterized by sheet-like channel
belt geometries with semi-continuous, horizontal
upper bounding surfaces, except for the locations of
abandoned mud-filled channels (mud plugs) which
are, however, rare (architectural style 1 of Wilson
et al., 2014). The sandy channel belt facies are
demonstrably discontinuous, even between the
Ouberg and Skurweberg sections, with an average ap-
parent width of channel belts of 550 m (1804.5 ft),
derived from LIDAR data in the area. Sand bodies
and siltstone sheets were walked out in the field.
The LIDAR data shows that no channel belts extend
between the two sections.

The physical correlation was achieved by tracing
out the tops of three geographically overlapping
channel belts on the VOM between Ouberg and
Skurweberg Passes (Figure 10). The stratigraphic
thickness between the channel belt tops (jumps in
Figure 10) were measured on the VOM, and the net
stratigraphic thickness between the points on adjacent
logs was calculated. This process matched a known
position on the Skurweberg Pass log to a known posi-
tion on the Ouberg Pass log, establishing a robust
physical correlation between the two logs (Figure 10).
The result is a correlation where the 126 m (413.4 ft)
position on the Skurweberg log is stratigraphically
equivalent to the 498 m (1634 ft) position on the
Ouberg Log (Figure 10). We estimate that this method
is accurate to within ± 5 m (± 16 ft). Although the
logged sections were 222 m (728 ft) and 549 m
(1801 ft) thick, for Skurweberg Pass and Ouberg
Pass, respectively, only the upper 100 m (328 ft) of
Ouberg Pass was captured in the VOM. The physical
correlation, therefore, is a single link between one
stratigraphic marker bed on Skurweberg Pass and a
second on Ouberg Pass. A kilometer-scale depositio-
nal paleosurface was discovered on the top of a silt-
stone sheet (Figure 3). Depositional paleosurfaces are
ancient surfaces, commonly containing trace fossils
or in situ plant fossils, which have been lithified and
buried (see Smith, 1998). The entirety of such surfaces
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were exposed, whether subaerially or subaqeuously, at
the same time point in the past. Based on the kilo-
meter-scale depositional paleosurface at Skurweberg
Pass (Figure 3), we infer a very low-relief paleoland-
scape and, subsequently, that the alignment of the
two logs to this physical correlation results in adjacent
positions on two logs having the equivalent age, that
is, they are chronostratigraphic, although the specific
facies may vary.

The physical correlation achieved using LIDAR
data between Skurweberg Pass and Ouberg Pass very
closely matches the correlation achieved using che-
mostratigraphy (Figure 6). It parallels the package
50–package 60 boundary. The minor difference in
the location of the package 60–package 70 boundary
is because this is based on fine lithology chemostra-
tigraphy, which is absent in Skurweberg Pass as a
result of the presence of a channel belt at this loca-
tion. Over short distances, here 7 km (4.4 mi), chemo-
stratigraphy provides a very similar correlation to the
physical correlation but has the advantages of
allowing much higher resolution subdivision of the
stratigraphy (Figure 6). This could not be achieved
using the LIDAR data alone, as correlation using the
VOM relied exclusively on sandstone outcrops
whose widths were shorter than the distance between

the logged sections. Mudstone exposures were only
present along the road cut sections or in gullies and
were not visible in the VOMs, so could not be used
to physically correlate the sections.

Long Range: Google Earth Correlation

Verlatekloof Pass is approximately 25.5 km (15.8 mi)
southeast of Ouberg Pass. The hillsides between these
sections were not captured by our airborne LIDAR
survey. Only a thin veneer of colluvium exists on
the escarpment hillsides resulting in semicontinuous
exposure of strata between the sections. This can be
viewed on Google Earth imagery, which has sub-
meter scale resolution in this area. Google Earth was
used to trace laterally from the 0 m position on our
Verlatekloof Pass log to the correlated position on
Ouberg Pass. The position of every 5 m (16 ft) in
the stratigraphic logs was recorded by global posi-
tioning system (GPS) during logging, which allowed
the stratigraphic heights of the correlation points to
be determined from their physical locations. Tracing
of strata between the two sections was achieved,
resulting in the correlation of the 0 m position on
our Verlatekloof Log to the 220 m (721.8 ft) position
on the Ouberg Log (Figure 11). The dominant source

Figure 11. Image of the physical
correlation made on Google Earth
between Ouberg Pass and Verlatekloof
Pass logs. The correlation was achieved
by tracing out the strata between the
two sections. The total length of the
trace is 70 km (43.5 mi) with a distance
between the sections of 25.5 km (15.8
mi).
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of error in this correlation technique is the difficulty
resolving the thickness of channel belt cliff faces.
Error in the correlations achieved using this method
is greater than that achieved using LIDAR data and
is estimated to be on the order of ± 30 m (± 98 ft).

Over the 25.5 km (15.8 mi) distance between
Ouberg Pass and Verlatekloof Pass, the chemostrati-
graphic correlation matches the physical correlation
based on Google Earth mapping. High-resolution
subdivision of the Ouberg Pass and Verlatekloof
Pass sections was hindered by lack of exposure, but
large-scale (e.g., >30 m [> 98 ft]) trends and unique
features, such as the sandstone composition 4 (high
Cr∕TiO2), could be identified that provided more
useful data than provided by lithostratigraphy alone.

DISCUSSION

The primary aim of this paper is an assessment of the
use of chemostratigraphy for correlation purposes in
fluvial systems. The data presented above show that
systematic trends occur in element ratios in a succes-
sion of fluvial strata and that these are laterally exten-
sive, allowing robust correlations to be made.
Furthermore, these correlations mimic physical chro-
nostratigraphic correlations over short (about 7 km
[4.4 mi]) and moderate (about 25.5 km [15.8 mi]) dis-
tances, which in the example used herein, chemostra-
tigraphic methods provide chronostratigraphic
correlations.

Although the study here demonstrates that che-
mostratigraphy provides a reliable means of correlat-
ing chronostratigraphic surfaces in the fluvial
sediments of the Beaufort Group, a broader question
is not only why it was successful in this study, but
what limitations there may be to its success in other
fluvial systems.

Controls on Geochemical Composition of
Fluvial Strata

As concentration is a measure of mass per unit volume,
it is obvious that the minerals contained within a sedi-
ment sample and the volumetric proportions of those
minerals are the primary controls on the geochemistry.
The specific mineral controls on the study intervals of

this paper are discussed above. However, more generi-
cally, it is apparent that many physical and chemical
processes affect the primary depositional mineralogy,
and changes in the bulk mineralogy can occur by sec-
ondary addition of minerals (e.g., by cements and coat-
ings) or replacement of minerals by diagenetic
processes (e.g., neomorphism). Other processes can
also affect the volumetric proportion of minerals
present in a deposit, for example, through processes
affecting the amount of mineral grains present as
opposed to which minerals are present (e.g., differenc-
es in resistance to abrasion by mineralogy, coupled
with selective sorting) and processes affecting the vol-
ume those mineral grains occupy (e.g., compaction). It
is impossible in a practical sense, therefore, to explain
all the processes responsible for the elemental compo-
sition of a sediment package because of the large num-
ber of processes that could have operated to affect its
mineralogy and the volumetric proportion of those
minerals from deposition to exhumation and sampling.

The aim of any chemostratigraphic study, how-
ever, is not to unravel all the processes. Instead, it is
to determine whether the subset of elements and
element ratios used for correlation are primarily
reflecting the detrital mineralogy, and if so, what
aspects (provenance, clay mineralogy, etc.). Features
that likely reflect diagenesis in the elemental data set
such as CaO (= CaCO3) can be left to one side when
looking for stratigraphically significant features in an
ICP-derived elemental dataset. As argued above, we
propose the controls on the elements and elemental
ratios used to define the correlations displayed in
Figures 4 and 6 are changes in detrital mineralogy
(plagioclase feldspar, Ti-oxide heavy minerals, and
other non-specific mafic minerals) and syndeposi-
tional weathering (kaolinite versus illite).

The most likely reason why chemostratigraphic
correlations in this study provide chronostratigraph-
ically significant correlations is because there were
changes in the composition of the sediment being
supplied to the system (i.e., changes in provenance)
and long-term changes in the syndepositional weath-
ering style (i.e., paleoclimate), and both of these
changing parameters are reflected in changes in
elemental compositions. These changes irrefutably
recorded in the sediment are at least approximately
coeval over a distance of 25.5 km (15.8 mi) as
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demonstrated by the physical correlations using
LIDAR and Google Earth.

Both provenance changes and paleoclimate
changes are the norm, rather than the exception, in
fluvial systems and have been described from a wide
variety of settings using a variety of techniques, such
as petrographic analysis and heavy mineral analysis
(e.g., Haughton et al., 1991; Morton et al., 2010;
Thomas, 2011), paleosol analysis and sedimentology
(e.g., Demko et al., 2004), and geochemistry (e.g.,
Torres and Gaines, 2013; Van de Velde et al.,
2013). Therefore, it has to be assumed that such
changes are not the limiting factor on the efficacy of
chemostratigraphy in fluvial settings. Instead, it is
the processes which transport and lay down fluvial
deposits and the resulting sedimentary architecture
(which varies in size by several orders of magnitude)
that will impose limitations on the success of chemo-
stratigraphy when it is based on recognizing regional
changes in provenance and paleoclimate.

Architectural Influences on
Chemostratigraphy

The scale of the architecture and sedimentary proc-
esses involved in transporting and laying down flu-
vial deposits must be considered in explaining
correlations between adjacent geochemical profiles
because all components of fluvial systems, for exam-
ple, channel belts (e.g., Wilson et al., 2014), overbank
deposits (e.g., Smith, 1990), and the fluvial fan meg-
astructure (e.g., Nichols and Fisher, 2007) are finite
in length, width and thickness, and layer-cake stratig-
raphy cannot be assumed over long distances.

Channel belts are the sediment bodies formed by
bed load deposited in the base of channels. They are
built of smaller sediment packages (e.g., lateral accre-
tion packages) such that although two of these sedi-
ment packages may be deposited within the channel
belt at roughly the same paleo-elevation, they will
differ in age, and their mineralogical composition will
reflect the composition of sediment that arrived at that
position at different times. Thus, different positions
within the channel belt and along its upper surface
are diachronous, and this will be reflected as noise
in the chemostratigraphic profile because of the sam-
pling line taken.

Overbank deposits are also limited in lateral
extent, although this length scale is greater in lateral
extent than channel belts in the study area. For exam-
ple, sheets of siltstones, which we interpret to be the
product of crevasse splaying processes (Wilson et al.,
2014), are prevalent in the mudstone deposits of the
Beaufort Group and are up to a few kilometers in lat-
eral extent. Suspension settling deposits in ephemeral
lakes can be only as large as the topographic
hollows between alluvial ridges on the alluvial plain.
In fluvial sequences dominated by overbank facies,
such as is the case in the Abrahamskraal Formation, it
is the fine-grained lithologies that have the greatest
potential to define regionally robust correlation
schemes because their widths are more laterally exten-
sive than channel belt widths.

Together, channel belt and overbank deposits
make up the alluvial ridge, and repeated avulsion of
the river channel followed by deposition of another
alluvial ridge builds up a fan-shape body (megafan)
by compensational stacking (e.g., Mohindra et al.
1992; Singh et al. 1993; Stanistreet and McCarthy,
1993; Gupta, 1997; DeCelles and Cavazza, 1999;
Horton and DeCelles, 2001; North et al., 2007;
Weissman et al., 2010; Buehler et al., 2011; Fontana
et al., 2013). Based on an analysis of facies and
alluvial architecture, Wilson et al. (2014) argued that
megafans are a good explanation for the
Abrahamskraal Formation stratigraphy. At the scale
of the fluvial megafan, only one alluvial ridge is
deposited at any one time, forming a fan lobe
(Nichols and Fisher, 2007). The age difference
between two of the intra-channel belt-scale deposits
is small, for example, deposition of lateral accretion
deposits can occur annually, whereas the age differ-
ence between two channel belts juxtaposed by avul-
sion is much greater because of the relatively lower
frequency of avulsion. Thus, two adjacent channel
belts in a succession, unless forming part of an ana-
branching system (compare to North et al., 2007),
may not contain sediment of closely similar deposi-
tional ages. And, the primary mineralogical composi-
tion of their sediments may have varied, for example,
reflecting the evolution of the source catchment
upstream. The main implication of this scale depend-
ence of fluvial systems for correlation purposes is that
deposits of a particular composition of sediment are
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not deposited across the whole basin in a single, uni-
form sheet but in local, lobate deposits.

At the scale of the alluvial ridge, this point is
illustrated by adapting the very simple model of allu-
vial stratigraphy from Bridge and Leeder (1979). A
sediment source with an elemental composition (x/y)
varying linearly with time (Figure 12) is applied,
where x and y are arbitrary elements. Three logs
through the model stratigraphy show that the

following features could be expected in chemostratig-
raphy of alluvial successions as a result of sedimen-
tary architecture at this scale: (1) the overall broad
trend of changing x/y ratio with time is preserved,
(2) the stratigraphic record is incomplete in all logs,
and (3) strata for the same time intervals are repre-
sented by different thicknesses of strata in adjacent
logs, caused by changes in sedimentation rates from
channel belt to overbank locations. Though this

Figure 12. Model illustrating the variation in completeness and stratigraphic thickness captured by logs through alluvial stratigraphy
for a constant sediment source of linearly varying geochemical composition. (A) Redrawn, a small part of the simple model of alluvial
stratigraphy by Bridge and Leeder (1979), which is the basis for the analysis. Channel belts are grey blocks and lines are floodplain sur-
faces at the time of avulsion. (B) Bridge and Leeder (1979) model color-coded according to chemical composition (which linearly varies
with time). (C) Vertically exaggerated copy of (B) with position of three logs A–C plotted. (D) Synthetic chemostratigraphic logs through
the model stratigraphy. (i) The sediment input model consists of a constant sediment source whose ratio of element x to element y
changes linearly with time such that each unit time interval has a composition from 1 to 12. (ii) Compositions representing time intervals
5, 7, and 10 are not recorded in Log A because of the compensational architecture of the sequence. Channel belts have higher rates of
deposition than overbank environments (which is required to build alluvial ridges) resulting in compositions 4 and 9 having larger rel-
ative thicknesses. (iii) and (iv) Similarly, Log B lacks compositions 5, 6, and 10; and Log C lacks 2, 5, 7, 8, and 9 because of architecture.
However, each log does record the overall increasing value of the x/y ratio, capturing broad trends in the system.
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model is an oversimplification of the process of
depositing and preserving alluvial strata, these gen-
eral outcomes are realistic for any depositional allu-
vial system.

When the larger spatial scale of the megafan and
the longer time scales involved in moving and depos-
iting such large volumes of sediment are considered,
it is clear that other factors will affect mineralogy
recorded in the sediments (Figure 13). These factors
can be grouped into three types: catchment factors,
transport factors, and depositional basin factors. In
the catchment bedrock lithology, climate, weathering,
and rates of uplift and erosion all influence which
minerals are supplied to bedrock rivers, which con-
vey sediment to the basin, and how much or how fast
this sediment is delivered (Figure 13). These are
linked to tectonic setting, latitude, and geography
(e.g., proximity to coastlines and other mountain
belts). During transport, differential resistance to

abrasion by different minerals leads to downstream
changes in mineral assemblages, which are amplified
by selective sorting both in in-channel bed forms
and during overbank splaying (off-axis sorting)
(Figure 13). Sediments also occur in pulses, respond-
ing to storm events, which take time to propagate into
the basin, and in the process mix with other sediments
buffering provenance signals. Once the sediments
have come to rest in the basin, basin climate and
weathering, subsidence rates, diagenesis, and meta-
morphism, occurring during burial and exhumation,
all could possibly alter mineralogy (Figure 13).
These are just a few of the possible physical and
chemical processes which could influence the miner-
alogical makeup of a sedimentary deposit. All or
some of these processes could have acted on sedi-
ments of the Abrahamskraal Formation studied here.

Another issue for geochemical correlation is the
resultant scale of the megafan and overlapping of

Figure 13. Summary diagram illustrating the large-scale stacking arrangement envisaged for fluvial megafans by compensational
stacking. Two contemporaneous megafans are shown, the left one having three alluvial ridges depositing three lobes labelled A–C.
Note, only river C is active. Hypothesized controls on chemostratigraphy are shown in uppercase. Topographic and depositional features
are indicated in lowercase. Different megafans are shown by different shades of grey in strike and dip sections. Much like the stacking
arrangement of alluvial ridges, the stacking of arrangements of fluvial megafans operates by compensational stacking. This means that
the autogenic controls on geochemistry, related to avulsion, are very similar to the larger scale alluvial ridge (lobe) scale (i.e., prov-
enance changes in the hinterland and selective sorting downstream and off-axis). However, the greater size of fluvial megafans to their
component alluvial rivers means that longer range changes in certain factors, such as weathering and climate, may have had a signifi-
cant influence. Note that the distribution of channel belts within the megafan deposits are schematic only. Vertical scale is exaggerated.
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adjacent megafans (Figure 13). It can be argued that
for a fixed distance between samples, such as we have
in our study, the larger the megafan, the smaller the
variability is likely to be between geochemical profiles
because many components of the system are also big-
ger and take longer to occur. However, insufficient
studies of modern rivers exist to clarify this issue, and
it remains a theoretical problem. Overlapping of adja-
cent megafans could introduce a large change in geo-
chemistry, as seen in a geochemical log, because of
the possibility of bedrock geology varying along the
hinterland mountain belt, producing changing mineral-
ogy of the sediment fed into the megafan along the
orogeny (Figure 13). Clearly, this occurs, but the
length scale of variation will be variable.

Our description of these issues is necessarily
qualitative as they remain largely unknown, though
can be modelled numerically. Application of studies
from modern rivers to the ancient rock record is also
fraught with uncertainty about whether they can re-
present rivers present in Gondwana (a continent
greater in size than anything today) and to such long
periods of time (∼5 m.y.). However, these factors
have been discussed to highlight the issues that are
surrounding interpretation of geochemistry of fluvial
strata and addressing the length scales over which
chemostratigraphic correlation can be considered via-
ble in the rock record.

The thicknesses of fluvial stratigraphy in this
study (∼400 m [1312 ft]) are the product of ongoing
avulsion over a period of approximately 4.7 m.y.,
as determined by measured rates of deposition
(85 m/m.y. [278.9 ft/m.y.]) by Lanci et al. (2013).
If the thickness of an alluvial ridge is approximately
the thickness of a single channel belt, averaging 5 m
(16 ft) thick in this study, and Ouberg Pass contains
about 400 m (1312 ft) of fluvial strata, then in excess
of 80 alluvial ridges could be represented at this
location if vertically stacked, and probably more as
compensational stacking is a lateral process. Thus,
the studied interval represents deposition from a
large number of rivers, probably originating from
the same or adjacent catchments producing several
megafans from the front of the mountain range
(Figure 13) over 5 m.y. Simplistic modelling sug-
gests that at the scale of a channel belt thickness
(5 m [16 ft]), individual features of the

chemostratigraphic profiles may not appear on all
adjacent logs and may differ in thickness in adjacent
logs. In contrast, at a thickness scale greater than the
channel belt (e.g., >25 m [> 82 ft]) chemostrati-
graphic trends are likely similar, because at this
scale compositional stacking averages out these var-
iations (Figures 12, 13). Thus, features found in
some chemostratigraphy profiles are not expected
to be found in all adjacent profiles, and short and
long distance correlations are expected to show
greater dissimilarity.

CONCLUSIONS

For the example outlined here, correlation in fluvial
systems by chemostratigraphy is valid and is opti-
mally achieved using fine-grained lithologies. The
shorter the distance between measured sections the
greater will be the chance of capturing a high number
of common features and producing a high-resolution
correlation. Coarse-grained lithologies (fluvial chan-
nel belts) do show compositional packages, but their
subordinate nature precludes their use for high-reso-
lution correlation. Subdivision of strata through a
hierarchical approach into sedimentary packages
based on isochemical intervals allows chemostrati-
graphic packages to be defined. Chemostratigraphic
correlations have been shown to mirror physical cor-
relations over distances up to 25.5 km (15.8 mi), but
provide the advantage of higher resolution subdivi-
sions to be made based on objective data (geochemis-
try) not captured by lithostratigraphic logging alone
(e.g., grain size, sedimentary structures, etc.).

The elements and element ratios used to define
the chemostratigraphic correlation here reflect
changes in sediment provenance and weathering
style, both of which are to be expected in almost
any fluvial system. Therefore, the limiting factor on
the technique of chemostratigraphy in a fluvial
system is not likely to be a lack of chronostrati-
graphically significant changes in elemental compo-
sitions; instead, it will be a complex interplay
between the rate at which changes occur relative to
the sedimentation rates, the architecture of the sys-
tem, the distances over which correlation is being
attempted, and the scale of stratigraphic units that
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are being sought. In the intervals discussed here, it is
evident that sufficient changes in provenance and
weathering style occurred to allow intervals tens to
hundreds of meters thick to be correlated over dis-
tances up to 25.5 km (15.8 mi). However, it is
unlikely that a distance or resolution limit can be
defined universally for the effectiveness of chemo-
stratigraphy as a correlation technique in fluvial sys-
tems. Any such limitations will vary with the scale
of the fluvial system studied and the dynamics of
the river system during deposition that would affect
the routing of sediment and the size of the fluvial
megafan. For most depositional systems, knowledge
of the size of the system is difficult to determine
with confidence.

Correlation and subdivision using chemostratig-
raphy has a distinct advantage over lithostratigraphy
alone as it is able to measure chemical properties that
can then be used to identify unique geochemical
packages of sediment in successions of otherwise
non-unique combinations of facies. The construction
of a facies scheme during the process of logging
requires the pigeon-holing of what is realistically a
continuum of sedimentary features into specific lim-
ited types that lose information about the strata.
With the chemostratigraphy technique, individual
elements are quantitatively measured, dispensing
with the need to summarize a bed of an outcrop into
semiquantitative or simplified measures such as aver-
age grain size and local sedimentary structures.
Chemostratigraphy has allowed detailed subdivision
of the logged sections into geochemical units, a level
of detail not achieved using physical correlation from
VOM and sedimentary logging alone.

The method used here for data acquisition has been
shown by numerous authors to be applicable to subsur-
face samples, including cuttings samples (Hildred
et al., 2010; Ratcliffe et al., 2010; Sano et al., 2013).
The approaches and methods documented here using
field samples can readily be exported to any fluvial
system of any age, either at outcrop or in the subsur-
face. The successful outcome in terms of providing
chronostratigraphically significant correlations that
provide value in an oil field setting cannot be quantified
but will largely depend on the scale of the fluvial
system relative to the distances between sections and
the resolution of the correlation being sought.
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